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FOREWORD 


This  is  the  first  report  pre¬ 
pared  In  response  to  AID  Work 
Assignment  No.  21.  The  source 
material  used  for  the  report 
was  published  during  1961  and 
1962,  with  the  exception  of 
certain  background  material 
published  earlier. 
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INTRODUCTION 


The  development  of  methods  for  direct  conversion  of  solar 
energy  into  electric  power  was  one  of  the  major  tasks  assigned  to 
Soviet  science  worl(;ers  by  the  party  program  published  in  July  I96I 
and  adopted  the  following  October  by  the  Twenty-Second  Congress, 
Speaking  before  the  Congress^,  M.  V,  Keldysh,  President  of  the 
Academy  of  Sciences  USSR,,  stressed  the  "colossal  possibilities 
offered  by  research  in  the  field  of  solid  state  physics"  [1], 
and  this  view  has  since  been  steadily  developed  in  magakslne  and 
newspaper  articles.  Statements  appear  on  "the  great  progress  in 
research  on  the  use  of  solar  energy"  connected  with  establishment, 
within  a  single  year,  of  heliolaboratories  in  the  Armenian,  Georgian, 
Turkmen,  and  Uzbek  Republics  [2];  on. plans  completed  by  the  Uzbek 
Academy  of  Sciences  for  the  construction  of  a  solar  power  plant  which 
would  utilize  silicon  semiconductors  with  a  total  battery  surface  of 
10  m"  to  produce  5  kw  [3];  on  the  successful  production  at  the  Insti¬ 
tute  of  1i'£  Laboratory  of  Semiconductors,  Litbjoanian  Institute  of  Physics 
and  Mathematics,  of  thin  CdTe  films  with  great  potential  value  for 
the  development  of  solar  batteries  [4];  and  on  a  2.2  million  kllov/att- 
hour  solar  power  plant  to  be  built  unaer  the  direction  of  the  Soviet 
solar  cell  expert  V.  A.  Baum  in  the  Ararat  Valley  in  Armenia  [5]* 

More  distant  plans  are  reflected  in  a  popular  article  in  which  Acad- 
era,lcian  Semenov  envisions  the  construction  on  the  moon  of  a  giant 
photocell-operated  pov^er  plant  with  a  capacity  exceeding  that  of 
all  power  plants  now  existing  on’ earth  [6], 

Tiie  strong  emphasis  laid  In  the  USSR  on  large-scale 
development  of  systems  for  direct  solar  energy  conversion  raises 
f;he  question  of  existing  potential  for  rapid  progress  in  this  field* 

A  few  remarks  on  past  achievements  and  the  work  of  Soviet  scientific 
personnel  may  furnish  a  background  foi’  measuring  present  capabilities. 

Led  by  A.  F,  Ioffe,  "the  father  of  semiconductors,"  a  small 
group  of  Russian  S'.iS,entls'.,&,  which  included  V.  ,D.  Kuznetsov,  who  is 
the  author  of  basic  works  on  solid  state  physics,  and  A.  B.  Shubnlkov, 
dean  among  crystallogaphexs,  has  worked  since  prerevolutionary  days 
toward  developing  what  has  become  modern  semiconductor  physics.  After 
the  revolution  the  gx^oup  grew  larger  and  in  the  thirties  the  Soviet 
Union  rai^ked  high  in  semiconauctor  research.  Many  of  Ioffe's  ideas, 
particularly  his  hole-electron  concept,  were  universally  adopted,? 

Ya.  I.  Pi'enkel',  author  of  the  exciton  theory,  became  recognized  as 
one  of  the  top  experts  on  the  band  theory  ana  the  electron  processes 
in  solids;  I.  K.  .Kikoin  discovered  the  photoelectz-omagnetic  effect; 

V.  Ye.  Lashkarev,  B.  M.  Vul'  and,  somewhat  larer,  S.  M.  Ryvkin  gained 
prominence  as  investigators  of  various  semiconductor  properties; 

A.  A,  Lebedev  became  an  international  authority  on  photoeleetri' 
processes  and  Ye.  P.  P,  Gross  on  solid  state  spectroscopy. 
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After  World  War  II  and  the  attendant  disruption  of  the 
normal  evolution  of  Soviet  scientific  endeavor,  a  comeback  was 
staged,  again  at  the  Initiative  of  Ioffe,  In  1951^  when  the  Academy 
of  Sciences  USSR  established  in  Leningrad  the  Laboratory  of  Semi¬ 
conductors  affiliated  with  the  Physlcotechnlcal  Institute  which  now 
bears  Ioffe's  name.  In  1954  the  Laboratory  became  the  Institute  of 
Semiconductors  with  Ioffe  as  Its  first  director.  The  first  Issu^ 
of  the  specialized  Journal  of  Solid  State  Physics  (Flzlka  tverdogo 
tela),  edited  by  Ioffe,  appeared  In  1959. 

While  some  of  the  older  scientists  are  still  very  active, 
Soviet  semiconductor  physics  are  at  present  dominated  by  an  Impressive 
array  of  new  names.  The  following  scientists  may  be  singled  out  as 
being  at  the  top  of  the  hierarchy  because  of  the  leading  positions 
they  hold  In  various  branches  of  semiconductor  physics  directly  or 
indirectly  concerned  with  the  photovoltaic  effect. 

Yu.  P.  Maslakovets,  Ioffe's  pupil  and  collaborator,  is 
still  probably  tne  highest  authority  on  photovoltaic  cells  In  the 
USSR.  Since  1959  he  appears  to  be  at  the  head  of  an  Important  CdTe 
project. 


V,  K.  Subashiyev  is  the  top  expert  on  silicon  photovoltaic 
cells.  There  are  Ipdlcatlons  that  with  V.  S.  Vavilov  and  A.  P.  Landsman, 
Subashiyev  designed  the  silicon  solar  energy  converters  for  the  first 
sputniks.  Vavilov,  more  recently,  has  conducted  extensive  studies  of 
the  effects  of  electron  and  neutron  bombardment  of  silicon  photo¬ 
elements,  while  Landsman  Is  working  with  V.  A.  Baum  In  Uzbekistan  on 
solar  power  station  projects. 

S.  M.  Ryvkin,  an  authority  on  extrinsic  photoconductivity. 

Is  a  prominent  theoretician  in  the  field  of  the  photovoltaic  effect. 
Academician  V.  Ye,  Laslikarsv  is  the  expert  on  CdS. 

To  this  group  might  be  added  the  names  of  V.  M.  Malovetskaya , 
who  may  have  participated  in  preparing  Si  photocells  for  the  sputniks, 

Q.  N.  Galkin  and  Ye.  L,  Nolle,  who  are  authorities  on  SI,  and  D.  N. 
NasledoVj  who  during  the  last  five  years  has  published  a  large  number 
of  papers  on  GaAs  and  Ind  InSb, 
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I.  BASIC  RESEARCH 


At  the  time  of  the  launchings  of  the  first  sputniks,  the 
splutlon  of  the  following  three  problems  was  considered  by  leading 
Soviet  solar  cell  researchers  ro  be  of  prime  Importances  l)  the 
"anomalous”  decrease  of  electron  lifetimes  after  thermal  diffusion  of 
phosphorus  Into  silicon  which,  as  had  been  established,  could  not  be 
caused  by  the  presence  of  phosphorus  atoro.3j  2)  the  comparatively  poor 
spectral  response  of  the  available  silicon  solar  batteries  in  the  higher 
frequency  region,  a  deficiency  unexplainable  by  the  process  of  photolon- 
Izatlon;  and  d)  the  difficulties  of  reducing  the  reflection  coefficient 
without  Increasing  the  velocity  of  surface  recombination  [7].  In  trying 
to  solve  any  one  of  the  above  problems,  the  scientists  ere  necessarily 
hampered  by  the  shortcomings  of  existing  semiconductor  theory _,and  bhelr 
statement  therefore  Indicates  that  the  principal  trend  of  Soviet  research 
on  the  photovoltaic  effect  is  to  gain  a  better  understanding  of  the 
basic  principles  underlying  the  processes  of  the  absorption  and  uti¬ 
lization  of  photon  energy  foi'>  the  creation  of  electron  hole  pairs. 

This  the  Russians  have  endeavored  to  achieve  by  devoting  a  remarkably 
liarge  part  of  their  efforts  dui'dng  recent  years  to  basic  investigations 
not  aimed  at  obtaining  Immediate  practical  results. 

Tlie  theoretical  studies  of  the  photovoltaic  effect  are  today 
centered  at  the  Ph,ysiootechnica.l  Institute  Imeni  A.  P.  Ioffe  and  the 
Institute  of  Semlconduc..or&  jboth  of  the  Academy  of  Sciences  USSR  and 
both  located  in  Leningrad,  and  the  Physics  Institute  Imeni'  P,N«  Lebadev 
in  Moscow.  These  three  Institutes  account  for  more  than  half  of  all 
basic  work  done  In  this  field  by  the  25  Soviet  research  centers  directly 
or  Indirectly  concerned  with  the  development  of  solar  batteries.  However, 
theoretical  studies  are  carried  out  In  praotl'..ally  all  the  other  scientific 
institutes  enumerated  In  the  present  survey. 

Energy  band  structures,  as  well  as  .methods  for  their  study, 
have bea^  the  Sib jfct  of  continuing  general  work.  P.  M.  Uashimzade  of  the 
Physics  Institute  of  the  Azer’baydzhan  Academy  of  Sciences  and  V.  Ye. 
Khartslyev  of  the  Physic ote<hnical  Institute  in  Leningrad  devised  a 
modified  or thogonollzed-plcine-wave  method  for  band  structure  calculation 
[8].  They  substituted  the  Slater  function  for  the  wave  function  In  com¬ 
puting  -the  energy  bands  of  silicon,  germanium.,  and  gallium  arsenide.  The 
results  obtained  for  SI  and  Ge  agreed  satisfactorily  with  calculations 
made  by  other  researchers,  and  application  of  the  new  method  was  suggested 
for  computation  of  complex  semiconductor  compounds,  the  energy  structru?e 
of. which  Gashirnzao.e  desc.rlbed  In  a  separate  paper  [9]. 

Yu.  M.  Butusov  and  M.  V.  Kopytlna  of  Voronezh  State  University 
examined  the  objections  raised  to  the  approximation  method  (substitution 
of  for  E(j)  In  the  Schrodinger  wave  equation)  customarily  used  for 
solving  the  band  theory  problem  of  a  system  of  N  interacting  conauc- 
tivity  electrons  and  dem.onstrated  that  the  method  Is  mathematically 
Justified  [10]. 

In  an  attempt  to  construcc  a  unified  band  theory  for  liquids, 
amorphous  bodies,  aiad  dlsor-dered  alloys#  A.  I.  Gubanov  Included  crystals 
with  structural  defects  and  investigated  the  energy  spectrum  In  the 
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second  approximation  with  respect  to  the  parameters  which  characterize 
the  degree  of  disorder  in  the  system  [11,  12],* 

A  comprehensive  analysis  of  semiconductor  imperfections  was 
conducted  by  V,  Bonch-Bruyevich  of  Moscow  State  University.  In  a 
paper  written  with  Vt  B,  Glasko,  Bonch-Bruyevich  reviewed  the  general 
properties'  of  the  electronic  energy  spectrum  in  crystals  containing 
extensive  structural  defects  [13] .■  Calculations  were  made  of  the 
hole  levels  connected  with  purely  linear  dislocations  in  n-type 
germanium  and  sllicoh.  Only  edge  dislocations  which  were  macroscop - 
Ically  homogeneous  and  free  of  impurity  atljospheres  were  examined. 
Screw  dislocations  were  the  subject  of  a  second  study,  in  which  the 
model  of  a  "changed  line'*  used  previously  had  to  be  discarded  since 
a  screw  dislocation  does  not  contain  vacant  hands  and  the  energy  of 
the  interaction  of  the  carrier  with  the  dislocation  in  this  case  is 
dependent  only  on  the  deformation  of  the  lattice  [l4J.  In  a  follow¬ 
up  work,  Bonch-Bruyevich  studied  the  features  of  energy  spectra  of 
multielectron  systems  in  semiconductors  and  particularly  the  effects 
caused  by  the  interactions  of  current  carriers  [15]* 

In  an  investigation  of  the  energy  spectrum  of  free  current 
carriers  Bonch-Bruyevich  and  A.  G.  Mironov  showed  that  the  influence 
of  impurities  does  not  lead  only  to  simple  changes  in  spectral  para¬ 
meters  but  even  alters  the  law  of  dispersion  [16],  Related  to  this 
study  was  a  paper  by  Yu.  V,  Qulyayev  of  the  institute  of  Radio  Engi¬ 
neering  and  Electronics,  Academy  of  Sciences  USSR,  who  on  the  basis 
of  general  considerations  regarding  the  structure  of  the  energy 
spectrum  of  current  carriers  in  semiconductors  with  dislocations 
derived  a  formula  by  which  the  rate  of  filling  of  dislocations  can 
be  found  as  a  function  of  temperature  and  the  Perm!  level  in  the  low 
temperature  range  [17],  A  general  review  of  present  knowledge  of  the 
crystal  processes  connected  with  dislocations  in  semiconductors  was 
given  by  Ye.  Yu.  Kokorlsh  and  N,  N.  Sheftal',  who  compared  the  work 
in  the  USSR,  the  United  States,  the  United  Kingdom,  and  Prance  in 
this  field  ll8], 

At’^.  the  International  Conference  on  Photoconductivity  in 
New  York  in  August  I96I,  S,  M,  Ryvkln  of  the  Ioffe  Institute  in 
Leningrad  presented  a  paper  on  the  kinetics  of  impurity  photocon¬ 
ductivity  in  crystals  containing  only  one  type  of  local  levels  [19] • 


*  This  study  may  carry  implications  when  viewed  against  the  following 
remark  made  by,N.  N., Semenov  with  regard  to  the  prospects  of  large- 
scale  direct  conversion  of  solar  energy  into  electric  power:  "Solar 
energy  has  iany  advantages,  except  .for  the  fact  that  it  is  90  widely 
dispersed  and  has  to  be  collected  over  huge  areas.  The  only  feasible 
way  of  collecting  it  would  apparently  be  to  cover  the  surface  areas 
with  a  layer  of  light-sensitive  llrjuld  or  water  emulsion,  with  a  thin 
plastic  film  on  top.  A  central  plant  would  isolate  the  high-energy 
product  and  use  it  in  electric  elements,  resembling  fuel  elements, 
with  almost  100%  efficiency."  (Semenov,  N.  N,  Science  and  social 
progress,  USSR,  D)ec  I96I,  42-44) 


-  4  - 


In  this  theoretical  itudy  he  showed  that  the  excitation  in  impurity 
levels  along  with  the  thermal  generation  of  carriers  gives  a  linear 
response  to  light  intensity  except  at  high  levels  where  saturation 
occurs  as  a  result  of  impurity  level  exhaustion.  Rise  and  decay  time 
characteristics  were  derived  and  used  to  Interpret  data  for  various 
semiconductor  materials. 

Impurity  photoconductivity  was  also  the  subject  of  a  major 
work  presented  by  S.  M.  Ryvkln  and  a  team  of  leading  solid  state 
physicists  at  the  Ioffe  Institute  in  a  series  of  seven  papers.  In 
two  of  the  papers'  the  general  laws  of  extrinsic  monopolar  photocon¬ 
ductivity  as  dependent  on  the  presence  of  one  depth  of  impurity 
levels  in  the  forbidden  region  were  examined  in  detail  and  expla¬ 
nations  offered  of  the  processes  of  generation,  capture,  and  adhesion 
of  carriers.  [20,  21].  The  authors  demonstrated  that  study  of  the 
kinetics  of  extrinsic  photoconductivity  offers  a  reliable  means  of 
determining  a  number  of  Important  impurity- center  parameters]  e.g., 
the  photocapture  cross  section,  the  trapping  cross  section  of  free 
carriers,  the  band  location  of  the  impurity  level  in  the  forbidden 
gap,  the  concentration  of  the  centers,  and  the  rate  of  their  filling. 

In  a  third  paper  the  investigation  was  extended  to  semiconductors 
with  several  types  of  local  levels  [22].  If)  two  other  studies  the 
kinetics  of  Induced  extrinsic  photoconductivity  in  CdS  and  CdTe 
single  crystals  was  investigated  [23,  24],  the  occurrence  of  Induced 
photoconductivity  in  CdSe  and  SlvSej  having  been  demonstrated  by 
members  of  the  same  team  [25].  In  a  sixth  study,  certain  peculi¬ 
arities  of  extrinsic  and  intrinsic  photoconductivity  with  lllxami- 
natlon  of  a  sample  of  copper-doped  germanium  were  attributed  to  a 
secondary  process  of  the  recharging  of  levels  [26].  Finally,  a 
method  of  longwave  photoelectric  sounding  of  local  levels  was 
offered  along  with  quantitative  results  obtained  by  its  application 
to  the  investigation  of  the  behavior  of  non equilibrium  carriers  at 
the  local  levels  in  Ge,  Si,  and  CdTe.  [27]. 

The  effects  of  impurities  and  dislocations  in  semiconductors 
appear  to  be  the  principal  field  of  basic  research  at  the  Ioffe  Insti¬ 
tute  where,  in  addition  to  Ryvkln,  the  following  names  appear  in  connec¬ 
tion  with  studies  in  this  area:  F.  M.  Berkovskly,  0.  V.  Yemel ' yanenko, 
A.  P.  Komar,  D.  P,  Luklrskly,  V.  I.  Myakota,  and  V.  P.  Savchenko  [28, 

29)  30,  31^  32].  At  Moscow  State  University,  V.  A.  Chapnln,  in  addition 
to  Bonch-Bruyevich  and  V.  B.  Qlasko,  has  investigated  the  problem  of 
Impnrltles  and  dislocations,  which  has  also  been  studied  by  L.  S. 
Milevskiy  at  the  Moscow  Metallurgical  Institute, [33,  34],  The  impor¬ 
tant  work  of  V,  S,  Vavilov,  the  expert  on  silicon-  solar  cells  at  the 
Lebedev  Institute,  will  be  discussed  in  Section  II  of  this  report. 

Problems  of  recombination  processes  are  the  chief  domain  of 
recent  investigations  by  A.  V.  Rzhanov  of  the  Physics  Institute  J.menl 
P.  N.  Lebedev.  With  I.  A.  Arkhipova,  Rzhanov  conducted  a  study  of  the 
dependence  of  surface  recombination  velocity  on  the  surface  potential 
at  various  injection  levels  [35],  The  results  of  the  measurements 
were  found  to  agree  with  theoretical  calculations,  showing  that  at  the 
injection  level  which  could  be  obtained  with  photoelectric  excitation 
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of  current  carriers  a  shift  of  the  curve  of  the  dependence  of  surface 
recombination  on  the  surface  potential  should  he  observed.  The 
experimental  results  also  gave  evidence  that  certain  levels. of  dif¬ 
ferent  energetic  positions  contribute  to  surface  recombination.  In 
another  study  Rzhanov  considered  recombination  statistics  on  the 
assumption  that  charge  carriers  are  captured  from  the  bands  by  the 
excited  states  of  a  recombination  center  [36].  He  obtained  a  general 
expression  for  the  steady-state  recombination  rate  when  the  concen¬ 
tration  of  recombination  centers  is  small  and  the  excess  hole  and 
electron  concentrations  are  equal.  This  general  relationship  becomes 
simpler  for  small  Injection  levels,  taking  the  form  of  the  usual 
Shockley-Read  expression  when  certain  inequalities  are  satisfied. 

These  Inequalities  are  tantamount  to  the  conditions  under  which  the 
lifetimes  of  current  carriers  In  the  excited  levels  of  the  recombina¬ 
tion  center  can  be  neglected  In  comparison  with  the  time  for  thermal 
ejection  or  capture  of  a  carrier  of  an  opposite  type.  Calculations 
carried  out  for  the  case  of  germanium  illustrate  that  It  Is  quite 
possible  for  these  conditions  not  to  be  satisfied.  This  research  was 
extended  by  Rzhanov  to  the  case  of  surface  recombination.  The  extra 
terms  in  the  relation  for  the  rate  of  surface  recombination  connected 
with  Internal  transitions  from  excited  levels  to  the  ground  state  made 
It  possible  to  explain  the  temperature  dependence  of  capture  cross  section 
and  surface  recombination  rate,  and  the  change  in  surface  recombination 
on  adsorption  of  certain  atoms. 

S.  V.  Bogdanov  and  B.  D.  Kopylovskly  of  the  Lebedev  Institute 
showed  that  the  effective  llfetlmeeof  non equilibrium  current  carriers 
depend  on  the  spectral  composition  of  the  exciting  light  [38].  The 
results  obtained  were  suggested  to  be  of  universal  character. 

An  Important  contribution  to  the"  understanding  of  defect 
properties  was  made  by  Subashlyev,  who  studied  the  Increase  of  carrier 
recombination  caused  by  the  accxunulation  of  structural  defects  and 
Impurities  In  narrow  regions  of  the  material  [39].  Volt-ampere 
characteristics  of  such  regions  adjacent  to  p-n  Junctions  were  Inves¬ 
tigated,  and  It  was  demonstrated  that  the  dark -current  value  can  be 
calculated  by  the  use  of  the  functions  of  hole  and  electron  collection 
when  the  function  of  pair  generation  by  light  Is  arbitrary.  To  account 
for  the  effect  of  the  Increased  recombination  layer  the  function  of 
hole  collection  was  computed, and  the  value  of  the  current  could. thus 
be  found. 


In  a  follow-up  paper,  Subashlyev  on  the  basis  of  the  function 
of  hole  collection  from  the  region  of  the  p-n  Junction  deid."\red  an 
expression  for  the'  case  when  all  parameters  of  this  region  with  the 
exception  of  the  hole  diffusion  length  L  are  constants  and  the  vari¬ 
able  L  is  represented  by  a  steplike  curve  [40],  In  terms  of  this 
expression  he  analyzed  the  effect  of  the  Increased  recombination  layer 
on  the  dark  and  light  characterlsltlcs  of  the  p-n  Junction  and  demon¬ 
strated  that  such  a  layer  can  generate  anomalously  high  saturation 
currents  In  p-n  Junctions. 


In  addition  to  the  Investigative  procedure  referred  to 
above^  the  following  nevr  methods  for  the  pomputatlon  of  semiconductors 
were  discussed  In  the  literature  reviewed:  calculation  of  the  for¬ 
bidden  gap  In  type  semiconductors  [4l];  determination  of  semi¬ 

conductor  parameters  by  means  of  the  photomagnetlc  effect  compensated 
by  photoconductivity  [42] j  and  photoelectric  sensitivity  spectra  of 
semiconductors  determined  by  various  means  [43]. 
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II.  MATERIALS 


Silicon 


In  1958,  In  a  paper  describing  the  silicon  solar  batteries 
on  Sputnik  III,  V.  S.  Vavilov,  A.  P.  Landsman,  and  V.  K.  Subashlyev 
stated;  "Considering  the  totality  of  Its  properties,  silicon  appears 
to  be  an  Ideal  material  for  semiconductor-type  converters  of  solar 
energy,,  and  one  can  assert  In  all  confidence  tiiat  in  the  coming  years 
the  basic  efforts  of  physicists  and  engineers  In  this  field  will  be 
directed  toward  the  Investigation  and  Improvement  expressly  of  silicon 
instruments"  [?].  This  statement  may  be  compared  with  that  of  M.  B. 
Prince;  "Silicon  with  a  room  temperature  energy  gap  of  I.08  ev  Is 
ideally  suitable  as  a  material  for  solar  energy  converters"  [44], 
Subashlyev ’3  statement  explains the  fact  that  out  of  the  16I  Investi¬ 
gators  whose  studies  were  reviewed  for  this  report,  54  dealt  with 
silicon,  many  of  them  exclusively  or  almost  exclusively.  Among 
these  silicon  researchers,  11  showed  affiliation  with  the  Leningrad 
Institute  of  Semiconductors,  9  with  the  Ioffe  Institute  In  Lenln- 
grad,  and  d  with  the  Lebedev  Physics  institute  In  Moscow,  the 
remaining  26  being  dispersed  In  9  other  Institutes  or  universities. 

Within  the  framework  of  their  studies  on  extrinsic  processes 
in  semii.conducto.vs,  the  members  of  the  Ryvkin  team  at  the  Ioffe  Insti¬ 
tute  presevited  the  results,  in  two  papers,  of  experiments  on  silicon 
(and  germanium),  particularly  their  measurements  of  the  sensitivity 
of  gold-alloyed  31  photocells  In  the  impurity  excitation  region  [45,  46], 
They  also  measured,  in  gold-alloyed  SI,  the  acceptor  or  donor  levels 
pertaining  to  one  structural  defect  in  the  forbidden  gap.  At  the 
Lebedev  Institute  In  Moscow,  E.  L.  Nolle  and  G.  N.  Galkin,  bothi  noted 
for  their  Si  research  and  the  latter  a  specialist  on  SI  photocells, 
investigated  the  center  of  carrier  generation  created  by  heat  treat¬ 
ment  in  diffusion-type  p-n  Junctions  in  the  region  of  the  space  charge 
[47].  They  demonstrated  that  in  this  type  of  junction,  the  currents  ^ 
produced  by  heat  generation  In  the  region  of  the  space  charge  may  be 
related  to  electron  transition  across  the  acceptor  level  of  gold  atoms 
located  in  the  vicinity  of  the  center  of  the  forbidden  gap.  In  collab¬ 
oration  with  Vavilov,  Nolle  and  Galkin  presented  In  another  work  the 
results  of  their  research  on  carrier  lifetimes  In  a  wide  range  of 
injection  levels  In  heat-treated  SI  [48].  The  aim  of  the  study  was 
to  determine  the  location  and  explain  the  nature  of  the  recombination 
levels  created  by  heat  treatment  in  the  forbidden  gap.  It  was  shown 
f-hat  at  temperatures  above  1200” C  two  donor-type  recombination  levels 
appear  at  0.1-0. 2  and  0,35-0,002  ev  above  the  valence  band.  A  connec¬ 
tion  between  the  0.35-ev  level  and  the  presence  of  gold  atoms  was  held 
pr  obable,  while  It  was  suggested  that  the  1,1-0, 2  level  might  be  rel°+-ed 
to  dislocations,  although  Its  nature  appeared  less  clear. 

Vavilov's  principal  field  of  research  seems  to  be  various 
effects  of  Irradiation  of  silicon  by  neutrons  and  electrons.  With 
M.  V.  Chuklcbev  of  the  Moscow  Institute  of  Chemical  Technology  Imenl 


-  8  - 


Mendeleyev  he  studied  the  occtirrence  of  lattice  defects  under  the 
Influence  of  thermal  neutrons  captured  by  31  nuclei  during  Irradiation 
of  Si  single  crystals  In  a  nuclear  reactor  [4'9].  It  was  shown  that  in 
1  cm*f  of  31,  100  incident  thermal  neutrons  bring  about  nearly  20  atom 
displacements  and  that  the  elimination  of  4,5  conductivity  electrons 
corresponds  to  the  same  number  of  neutrons  captured.  Studies  of  the 
Influence  of  fast-neutron  Irradiation  of  Si  on  photoconductivity  were 
reported  in  two  papers  presented  by  Vavilov  In  collaboration  with 
A*  P,  Plotnikov  and  with  Plotnikov  and  L.  S.  Smirnov,  all  of  the 
Lebedev  Institute  [50*  51] •  In  cooperation  with  I,  V,  Smirnov  and 
V,  A,  Chapchln,  he  also  Investigated  the  changes  caused  by  the 
bombardment  of  lithium-doped  31  with  fast  electrons  In  a  study  re¬ 
lated  to  the  problem  of  radiation  resistivity  of  semiconductors  [331* 
With  V,  M,  Malovetskaya  and  Q,  N.  Galkin  of  the  Lebedev  Institute, 
Vavilov  determined  the  energy  levels,  the  concentration  of  defects, 
and  the  carrier  condentratlon ^ Ih  eleetron-lrradleted  p-type  31  with 
a  high  oxygen  content,  and  In  a  follow-up  paper. the  same  team.  Includ¬ 
ing  Plotnikov,  c^iwpared  tjie  computations  of  the  energy  of  thermal 
anu  photlonlzations,  taking  Into  account  the  recently  discovered 
difference  In  stability  with  regard  to  annealing  of  two  adjoining 
energy  level  centers  formed  by  the  Irradiation  of  the  sample  with 
fast  electrons  [52], 

Independently  of  the  work  of  Vavilov  and  his  collaborators 
In  Moscow,  four  members  of  the  Ryvkln  team  at  the  Ioffe  Institute  in 
Leningrad  —  N.  A.  Vltovskiy,  p.  P,  Luklrskly,  T.  V.  Mashovets,.  and 
V,  I*  Kyakota  —  succeeded  In  determining  the  complete  scheme  of 
electron-lrj?adlated  31  by  Investigating  only  the  temperature 
dependence  of  the  Hall  effect  and  conductivity  [see  Pig,  1]  [32],  ■ 


Fig,  1,  Temperature  dependence  of  the  coefficient 
for  n-type  Si  irradiated  with  electrcns 
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Their  experiments  on  p-  and  n-silicon  irradiated  with  2-mev  electrons 
in  the  linear  accelerator  at  the  Physicotechnical  Institute,  Academy 
of  Sciences  USSR,  showed  that  besides  the  three  energy  levels  dis¬ 
covered  previously  in  irradiated  Si  a  fourth  level  occurs  at  0.I5  ev 
above  the  valence  band.  Evidence  was  obtained  that  the  four  levels 
consist  of  one  donor  pair  and  one  acceptor  pair,  each  pertaining  to 
one  center.  The  cross  section  of  the  production  of  defects  to  which 
the  levels  are  related  was  also  determined. 

The  phenomenon  of  significant  shortening  of  minority- 
carrier  lifetimes  by  prolonged  heating  of  Si  at  high  temperatures 
was  studied  by  M.  I.  Iglltsyn  and  V.  N.  Moixikovlch,  who  advanced 
the  theory  that  l)  the  impurities,  formerly  flxea  at  the  disloca¬ 
tions,  once  set  free  play  the  part  of  recombination  cerjters,  and 
2)  the  dislocations,  on  the  other  hand,  once  cleared  of  impurities 
participate  in  the  recombination  processes  [5^J*  To  prove  this 
hypothesis,  they  diffused  copper  ojnto  Si  samples.  Examination  by 
means  of  Infrared  microphotography  showed  that  with  heating  to  900®C 
the  diffusion  brought  about  the  filling  up  of  dislocations;  thus, 
the  copper  atoms  were  able  to  neutralize  the  action  of  the  disloca¬ 
tions  as  recombination  centers,  causing  the  lengthening  of  carrier 
l.ifetlme.  However,  this  occurred  only  when  the  thermal  diffusion 
lasted  not  more  than  I.5  hrs;  beyond  this  limit  a  second,  simul¬ 
taneous,  much  slower  process  prevailed  —  the  penetration  of  the 
copper  into  the  bulk  of  the  silicon,  resulting  in  an  Increase  in 
the  number  of  recombination  centers  and,  consequently,  shorter 
lifetimes. 


The  problem  of  the  Influence  on  carrier  lifetime  of 
impurity  atmospheres  connected  with  dislocations  was  also  the 
subject  of  an  independent  study  by  L.  S.  Milevskiy  of  the  Insti¬ 
tute  of  Metallurgy  imenl  A.  A.  Baykov  in  Moscow  [3^].  Using 
copper-doped  Si  samples,  Milevskiy  showed  that  the  normal  process 
of  lifetime  extension  ends  after  20  to  30-mln  annealing  at  750“ C. 

Th.e  stability  reached  after  such  treatment  was  conserved  after 
cooling  but  could  be  destroyed,  with  considerable  shortening  of  life¬ 
time,  by  reheating  the  samples  to  approximately  500°C,  cooling,  and 
aging  at  30  to  50“ C.  These  observations  were  attributed  to  l)  the 
displacement  of  some  parts  of  the  dislocations  during  the  reheating 
and  2)  an  increase  in  recomblnatlonal  effectiveness  of  dislocations 
during  the  process  of  aging. 

In  I9OO,  at  the  Institute  of  Semiconductors,  Academy  of 
Sciences  USSR,  a  research  team  led  by  solar  cell  expert  V.  K.  Suba- 
rfiij/ev  announced  that  the  distribution  of  phosphorus  diffused  into 
p-type  Si  does  not  comply  with  Pick's  second  law  [55].  The  real 
depth  of  the  p-n  Junction  obtained  by  phosphorus  diffusion,  appeared 
to  be  appi’oxlmately  half  as  large  as  the  depth  calculated.  It 
was  suggested  that  either  the  disintegration  of  the  subsurface  layer 
or  the  dependence  of  the  diffusion  coefficient  on  the  phosphorus 
concentration  might  be  responsible  for  this  discrepancy.  The  effects 
on  the  light  absorptlpn  of  doping, silicon  heavily  with  boron  up  to 
a  concentration  of IO20 cm'^  were  the  object  of  an  important  study 
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presented  by  SubashJyev  In  collaboration  with  Dubrovskly  [56 ] .  The 
authors  found  that  such  doping  displaces  Insignificantly  the 
absorption  edge  Into  the  region  of  higher  energies.  The  smallness 
of  the  effect  Indicates-  the  nonparabollsm  of  the  31  Y8^1ence  zone. 

In  view  of  Its  Importance 
for  the  construction  of  solar  bat¬ 
teries,  the  impurity  diffusion  tech¬ 
nique  was  studied  by  A.  K.  Zaytseva 
and  A.  Ya,  Gllberman,  also  of  the 
Institute  of;  Semiconductors,  who 
measured  phosphorus  diffusion  In 
p-type  SI  and  boron  diffusion  In 
n-type  SI  [57]*  A  method  similar 
to  that  described  by  Subashlyev 
and  his  associates  was  used,  l.e,, 
thin  layers  of  the  sample  were 
etched  off  and,  layer  by  layer, 
such  data  as  maximum  power,  resist¬ 
ance,  open-circuit  voltage,  and  short- 
circuit  current  were  noted.  The 
experiments  showed  that  the  distri¬ 
bution  of  boron  (as  well  as  of  phos¬ 
phorus)  atoms  In  the  alloyed  region 
did  not  conform  to  Pick's  second  law 
[see  Pig.  2],  Thus,  Subashlyev 's 
discovery  was  not  only  confirmed  but 
seemed  to  apply  also  to  Impurity  ' 
diffusion  In  n-type  SI,  The  con¬ 
centration  of  the  diffused  Impur¬ 
ities  down  to  the  Immediate  vicinity 
of  the  Junction  was  found  to  be  almost 
uniform,  falling  even  more  steeply 
to  zero  than  had  been  the  ease  in 
the  Subashlyev  study  i;  No  firm 

explanation  was  offered  for  the 
phenomenon  observed;  it  was  noted 
only  that  some  aspects  of  the  thermal 
diffusion  process  In  Si  might  play  a  role  which  cannot  be  elucidated 
by  the  general  theory  of  diffusion. 

In  a  study  by  two  other  researchers  at  the  Leningrad  Insti¬ 
tute  of  Semiconductors,  B,  I.  Boltaks  and  N,  N.  Matveyeva,  a  tentative 
explanation  was  offered  of  the  unubual  diffusion  concentration  curve 
In  SI  [58],  They  Investigated  the  diffusion  of  Impurities  in  Si  with 
the  use  of  P’*  Isotopes,  and  their  experiments  on  the  diffusion  of 
phosphorus  In  p-type  31  once  more  confirmed  the  findings  of  the 
Subashlyev  team  [wee  Pig,  4],  Some  evidence  was  obtained  that  the 
phenomenon  may  be  simply  the  result  of  evaporation  of  phosphorus 
during  the  diffusion  process.  However,  preliminary  experiments  per¬ 
formed  by  Boltaks  and  Matveyeva  on  q-type  SI  yielded  results  which 
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in  doped  Si  layer 

I  -  experlnental  curve; 

II  -  curve  ccmputed  fran 
Pick's  equatlcm^ong  points 
1  and  2),  Co*9*2*10’'^ca"5; 

III  -  curve  computed  from 
Pick's  equation  (along  points 
.5  and  4),  co*1.5-10*^cn- ’ 


0  W  20  JO  1*0  SO  60  0  to  20  30  *0  SO  60  10 

Fig.  4.  DlBtri'butloa  of  phoepbopus  In  siliccn  with  annealing  in 
a  *  Bcnsaturated  and  h  4,  saturated  phoepfeorua  vapor 


appeared  to  contradict  those  obtained  by  Zaytseva  and  Gllberman  with 
boron;  concentration  curves  plotted  for  both  n-  and  p-type  SI  under 
Identical  conditions  of  diffusion  annealing  showed  for  n-type  31 
close  conformity  with  Pick's  second  law.'  The  presence  of  a  much  denser 
oxide  film  on  n-type  31  was  suggested  as  an  explanation.  Further  elu¬ 
cidation  of  the  same  problem  was  received  from  the  Institute  of  Physics 
of  the  Bulgarian  Academy  of  Sciences  In  Sofia  where  researchers  D.  N. 
Mikhaylova  and  I.  D.  Kasabov  obtained  curves  for  the  distribution  of 
various  concentrations  of  phosphorus  diffused  into  p-type  SI  [59] • 

At  higher  concentrations^,  these  curves  were  similar  to  those  reported 
by  Boltaks  and  Matveyeva  and  showed  once  more  that  Plcjc's  second  law 
does  not  hold;,  at  least  under  the  conditions  described. 

In  1958  Vavilov,  Galkin,  and  Malovetskaya  presented  prelim¬ 
inary  results  of  their  experiments  on  Increasing  the  efficiency  of  SI 
photovoltaic  cells  by  the  use  of  light  concentrators  [60].  They  showed 
that  if  the  temperature  of  the  cell  Is  maintained  at  approximately  25“ C 
a  threefold  Increase  In  electric  power  can  be  obtained  by  a  sixfold 
concentration  of  light.  The  same  year  Vavilov,  Landsman,  and  Subashlyev 
drew  attention  to  the  possibility  of  using  solar  light  concentrations 
on  orlentable  artificial  earth  satellites  [7]. 

Experiments,  apparently  on  quite  a  large  scale,  on  the 
functioning  of  SI  photoelements  under  Intensified  light  concentration 
were  begun  In  1959  by  the  Hellotechnlcal  Laboratory  of  the  Power 
Engineering  Institute  imenl  Q.  M.  Krzhizhanovskly,  Academy  of  Sciences 
USSR.  By  i960  the  Laboratory  had  arcumiated  sufficient  data  to  confirm 
the  great  possibilities  offered  by  light  concentrators.  It  was  estab¬ 
lished  that  in  certain  cases  the  output  of  the  converter  could  be 
increased  up  to  20-30  times  with  a  IDO-  to  150-fold  increase  In  light 
intensity  [61].  More  recent  Investigations  performed  at  the  same 
laboratory  on  Si  photoelements  with  an  efficiency  of  3  to  10^  estab¬ 
lished  a  number  of  parameters  to  guide  constructors  of  concentrator- 
equipped  Instruments  [62].  A  first  series  of  tests  showed  that  If  the 
cells  were  not  cooled  the  buildup  of  temperature  In  the  semiconductor 
material  reached  110“C  at  a  light  concentration  of  ~'0.4  w/cm?  and  went 
up  to  200" C  with  further  Increase  In  Illumination.  The  output  of  the 
majority  of  the  samples  was  doubled  when  the  incident  light  was'inten- 
slfied  from  the  natural  level  of  O.O6  w/cm:^  to-^  0.3-0. 5  w/cm^ .  At 

still  higher  light  intensities  the  output  began  to  decrease.  Only  three 
i.'Ut  of  nine  Si  test  elements  yielded  a  four  to  fivefold  Increase  In 
power.  Illumination  of  a  sample  with-^  2  w/cm?  brought  about  a  drop  in 
the  output  power;  when  the  temperature  reached  235" G  the  solder  began 
to  melt.  Fig.  5  shows  the  results  of  a  second  series  of  experiments 
performed  with  nine  different  SI  photocells  cooled  with  running  water 
to  a  temperature  below  55" C  at  a  light  concentration  of  up  to  I5  w/cm.*. 
As  can  be  seen,  the  output  of  all  the  elements  rose  rapidly  in  ^-he 
illumation  range  of  4  to  5  vz/cnv^  (4  w/cm!^  corresponding  to  a  70-fold 
light  concentration).  Further  increase  In  Illumination  appeared  to 
be  Ineffective.  However,  if  the  element  worked  at  saturation  at  an 
illumination  level  slightly  above  5  w/cm:2  its  output  reached  stability 
and  became  Independent  of  oscillations  In  light  Intensity.  Only  one  of 
the  nine  water-cooled  31  photocells  gave  a  19-fold  Increase  In  output, 
the  rest  yielded  5  to  8  times  their  original  power. 
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Fig.  5»  Dependence  of  power  output  of  water-cooled  liiotoeleinentB  on  light 


By  1962  the  research  on  light  concentrators  had  been  moved 
to  the  new  scientific  center  in  Uzbekistan^ where  A.  P.  Landsman^  the 
solar  cell  expert  from  the  Leningrad  Institute  of  Semiconductors., 
Joined  a  team  of  researchers  at  the  Physicotechnical  Institute  of 
the  Uzbek  Academy  of  Sciences,  In  a  paper  published  in  Tashlcent., 
Landsman  and  five  associates  presented  the  results  of  their  exper¬ 
iments  with  a  parabolic  mirror  for  focusing  light  on  an  31  photobattery 
•with  a  working  surface  of  288  cm^  [63 j.  With  a  sevenfold  increase 
in  the  light  flux,  power  output  was  raised  3  to  4  tlmes^  and  the  hope 
was  expressed  that  an  elgh^  to  tenfold  increase  might  be  obtained 
after  the  cooling  system  l^d  been'  Improved  and  uniform  illum.lnatlr.'-. 
of  the  entire  battery  surface  had  been  secui^ed. 

t  . 

Other  quantitative  studies  of  the  dependence  of  the  photo  ■ 
voltaic  cell  output  on  li^xt  Intensities  were  made  in  Tashkent  by 
P,  I.  Knigin  and  L.  A,  Dubrovskiy  of  the  Physicotechnical  Institute- 
of  the  Uzbek  Academy  of  Sciences  [64,  6'5].  Their  analysis  of  the 
volt-ampere  characteristics  of  photoelements  at  illuminations  up  to 
100  times  higher  than  solar  intensity  was  found  to  be  in  agreement 
with  experiments  performed  on  a  water-cooled  Si  converter  with  a 
diffused  phosphorus  p-n  Junction  and  a  light  concentrator  in  the 
form  of  a  diaphragm-controlled  lens.  Pig,  6  shows  the  dependence 
of  the  optlraiM  power  and  the  optimum  efficiency  4  on  the 

energy  of  the  incident  light  E  joncentrated  up  to  7  W/cm^,  Fjg.  , 
shows  the  same  dependence  of  the  optimivn  current  I^pt  and  the 
optlmm  resistance  Ropt  of  the  photocell.  These  findings  confirmed 
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Fig.  6.  D«pendenee  of  optiauD  pover  output  and 
efflelaney  m  U^t  Intensity 
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Fig.  7.  Dependence  of  optlmun  current  and  optimum 
resistance  on  Ugjit  Intensity 


-  15  - 


the  observations  of  Vavilov,  Baum,  and  others  who  had  reported  a 
deviation  from  linearity  of  the  light-intensity/short-circult-current 
dependence.  Knigin  and  Dubrovskiy  explained  the  deviation  by  the 
distributed  character  of  the  surface  layer  resistance  which  causes 
the  potential  difference  V  between  the  base  and  the  edge  of  the 
photoelement  on  the  opposite  side  of  the  current-carrying  contact 
to  become  at  higher  light  intensities  almost  Independent  of  further 
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A  variety  of  experimental  Si  solar  batteries  equipped  with 
reflectors  was  tested  in  the  vicinity  of  Tashkent  by  G.  S.  Daletskiy 
and  N.  V.  Shavrln  with  the  aim  of  determining  certain  basic  struc¬ 
tural  parameters  [66].  Experiments  with  a  square  battery,  to  which 
adjustable  square  metallic  reflectors  were  attached  on  each  side, 
gave  the  following  output  amplification  coefficients  (obtained  by 
dividing  the  output  of  the  reflector-equipped  battery  by  that  of 
a  battery  without  reflectors):  battery  with  one  reflector,  1.23; 
with  two  reflectors,  1.43;  with  three  reflectors,  1.65;  and  with  four 
i^eflectors,  1.82.  The  highest  overall  efficiency  for  nonautomatlcally 
orientable  batteries  was  obtained  at  a  reflector  angle  of  30’.  The 
account  of  these  experiments  also  Includes  some  Information  on  Si 
photovoltaic  Instruments  in  actual  use  in  the  USSR,  and  photographs 
are  given  of  units  used  for  charging  of  storage  batteries  and  for 
supplying  power  to  electronic  instruments  or  to  electric  clocks. 

The  following  dat;a  are  given  on  certain  standardized  Si  photovoltaic 
converters  which  produce  0.4  v  at  a  light  intensity  of  100  mw/cm 
and  a  temperature  of  30®G: 


Type 

Size , 
mm 

Working 
surface, 
cm  ^ 

Average 
effi¬ 
ciency, 5^ 

output 

current, 

ma 

output 

mv 

mh-2 

10x10 

0.85 

8 

18 

7.2 

10x15 

1.275 

8 

27 

10  8 

<SKA"4 

10x20 

1.70 

8 

36 

14.4 

m-5 

10x30 

2.40 

8 

50 

20.0 
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Like  their  Western  counterparts,  the  Russian  photovoltaic 
cell  researchers  are  greatly  concerned  with  the  high  price  of  Si 
monocrystals.  One  solution  is  seen  in  the, development  of  more  effi¬ 
cient  poiycrystalline  sol*r  cells,  a  task  which  A.  P.  Landsman  and 
his  associates  at  the  Leningrad  Institute  of  Semiconductors  seem  to 
have  dealt  with  since  I960,  if  not  earlier  [67].  In  a  review  of 
their  research.  Landsman,  A.  Ya.  Qliberman^  and  A.  K.  Zaytseva 
provided  data  on  many  features  of  their  investigations,  particularly 
the  effects  of  orientation,  order  and  size  of  grains,  and  the  "Jumps” 
in  resistivity  caused  by  the  boundary  regions  between  the  grains  [68]. 
They  reached  the  general  conclusion  that  although  poiycrystalline 
material  is  less  efficient  than  single  crystals  because  it  yields 
.slightly  lower  open-circuit  voltage  and  short-circuit  current,  its 
overall  characteristics  differ  little  fi*om  those  of  single -crystal 
elements.  A  maximum  output  of  5  to  6  mw/cm^  was  obtained  per  unit 
of  working  surface  at  solar  lllxjmination,  with  the  cost  of  a  1-w 
battery  being  2  to  3  times  less  than  if  it  had  been  made  of  single - 
crystal  31. 


Other  attempts  to  reduce  the  cost  of  31  solar  batteries 
Included  tests  of  cells  with  working  surfaces  on  both  sides  of  the 
photoelement,  one  side  being  lllxomlnated  with  direct  light,  the 
other  with  light  reflected  by  a  mirror  [see  Pig.  8  ]  [69]. 


Fig.  8.  CoDStiructloc,  wire  leeids,  and  arrangonent  of 
photoYOltaic  energy  converters 

a  -  one-sided;  b,c,d  -  two-sided 
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Since  such  instruments,  showed  an  b*/m*a.G- 

1.3  compared  with  single-sided  cells,  they  were  uL^of 

tloal  only  in  some  large  installations  and  only  with  ^ 

31  having  a  resistivity  ^  0.1  ohm/cm. improvements  were  also 

sought  by  experimenting  with  various  concact  . 

The  best  results  were  obtained  by  deposition  of  Pd,  with  Rh  and 
Ni  ranking  second  and  third  [see  Pig.  9].  Rhenitun  showed  poor 
adherence  to  31,  while  Nl  had  a  much  higher  series  resistance 
with  the  photoelement  (2.86)  than  Pd  (0.57) • 


f.  y.  Dark,  characteristics  of  a  jtootoelfeinent  vlth  contact  of.  \rarlous  metals 


Cadmlimi  Telluride 


Pour  years  before  Soviet  scientists  VaviXov,  Landsman, 
and  Subashlyev  went  on  record  naming  silicon  "the  ideal  material 
Cor  semiconductor-type  converters  of  solar  energy,  [7j  the  hi^ 
hopes  for  Si  in  the  West  were  shaken  by  Cummerow’s  statement  that 
the  optimum  material  shou3.d  have  an  energy  gap  of  2  ev  and  not  the 
1.1  ev  attributed  to  silicon  [71].  RittneTy  took  up  the  problem 
and  confirmed  that  the  31  Eq  lies  well  below  the  optlm^  level, 
ivhich  according  to  his  computation  should  be  1.5  to  1.6  ev  [72j. 
Prince  disagreed,  maintaining  that  the  optimum  occurs  at  approx¬ 
imately  1.3  ev  and  that  the  difference  between  the  efficiency  of 
31  and  the  ideal  material  therefore  is  very  small  [^4],  He  was. 
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however,  disproved  by  Loferski  of  the  RCA  Laboratories  who  presented 
an  extensive  study  of  condltlom  governing  the  choice  of  the  optimum 
semiconductor  for  photovoltaic  solar  energy  conversion  [73].  The 
conclusion  to  be  drawn  from  his  calculation  was  that  when  all  the 
pertinent  Interactions  are  considered,  the  efficiencies  of  semicon¬ 
ductors  for  which  1.1  ev  <  Eq  <1.6  are  higher  than  the  efficiency 
of  31  and  that  their  advantages  are  even  more  pronounced  for  the 
conversion  of  solar  energy  outside  the  atmosphere. 

Highest  on  the  list  of  materials  within  the  range  of 
optimum  semiconductors  computed  by  Rlttner  and  Loferski  was  cadmium 
tellurlde,  an  Intermetalllc  compound  which  had  been  little  studied. 
Loferski ’s  paper  appeared  In  July  1956  and  six  months  later.  In 
January  1957,  four  researchers  of  the  Leningrad  Institute  of  Semi¬ 
conductors,  among  them  solar  cell  expert  Yu.  P.  Maslakovets,  sub¬ 
mitted  for  publication  a  ’’preliminary  report”  on  their  experiments 
with  CdTe  as  material  for  photovoltaic  light  converters  [7^].  They 
used  n-type  CdTe  wafers  consisting  of  3  to  5  crystals,  on  which 
P“'layers  were  formed  by  the  diffusion  of  group  I  elements.  At  a 
solar  light  Intensity  of  30  mw/cm®  they  obtained  a  photoemf  of  500 
mw  and  a  short-circuit  current  of  2.ma/cm'*.  Although  the  effic¬ 
iency  of  these  first  cells  was  only  about  2^,  the  Investigators 
stressed  that  this  was  far  belpw  what  eventually  could  be  obtained 
i'rom'~the  new  material.  It  is  worth  no1|lng  that  the  only  references 
quoted  In  thJ.s  brief  communication  were  the  papers  by  Rlttner  and 
Lof  ersjRl . 


For  twenty-seven  months  after  this  preliminary  report  had 
been  submitted  for  publication  the  names  of  Maslakovets  and  his  three 
associates  could  not  be  traced  In  Soviet  science  Journals,  However, 
In  April  1959  the  team  submitted  three  extensive  papers,  published 
simultaneously  In  January  i960,  which  covered  most  of  the  basic 
facets  of  CiTe  as  material  for  photovoltaic  solar  energy  converters 
and  which  were  obviously  based  on  a  wealth  of  experiments  carried 
out  over  a  long  period  of  time.  Remarks  In  these  papers  make  It 
clear  that  a  fifth  researcher,  G.  B.  Dubrovskly,  was  also  working 
on  CdiPs  at  the  Institute  and  that  the  team  was  benefiting 
from  the  help  of  one  of  the  Institute's  prominent  theoreticians, 

B.  Ya.  Molzhes. 

The  first  of  the  above  papers  contains  a  general  descrip¬ 
tion  of  experimental  CdTe  photoelements  produced  by  direct  melting 
of  Cd  and  Te  with  subsequent  crystal  growing  from.’ the  melt  [75]. 

The  energy  gap  was  found  to  be  I.38  to  1.48  ev,  close  to  the  values 
which  had  been  reported  earlier  in  Western  Journals.  Indium  and 
gallium  were  usSd  to  obtain  n-type  material;  p-type  was  obtained 
by  diffusion  of  Au,  Li,  3b,  and  Ag.  Both  p-n  and  n-p  Junctions 
were  tested,  the  n-type  with  a  carrier  concentration  of  the  order  of 
10^"  cm^  giving  better  results.  The  Junctions  were  produced  by 
deposition  of  semitransparent  layers  of  metal  onto  the  polished 
and  etched  plates  cut  out  of  the  single  crystal,  with  subsequent 
heat  treatment.  The  experiments  confirmed  that  CdTe  photocells 
could  be  used  In  solar  batteries.  The  optical  properties  of  the 
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cells  [see  Plg.  10]  were  simillar  to  those  made  of  Si,  though  their 
efficiency  reached  only  about  4^*,  mainly  because  the  deposited 
layers  transmitted  only  about  50^  of  the  incident  light,  and  ^he 
quantum  yield  was  further  reduced  by  the  Incomplete  separation  of 
the  electron-hole  pairs.  The  general  nature  of  the  load  character¬ 
istics  was  not  affected  by  a  rise  from  room  temperature  to  101  C, 
but  the  emf  showed  a  decrease  close  to  that  observed  In  Si  photocells. 


Pig.  10.  Volt-ampere  characteristics  of  a  CdTe  photo- 
element  at  various  light  Intensities. 


Nimiber  of 
curve 

E,  lx 

Isc> 

|ia 

Voc 

Pilling  coef¬ 
ficient 

^opt’ 

cm^,kohm 

1 

4 

26 

245 

0.59 

334 

2 

30 

9.6 

325 

0.62 

68 

3 

300 

92 

375 

0.67 

8 

4 

3000 

950 

430 

1.59 

0.72 

■p  At  the  AR3  ^pac'e  Power  Systems  Conference  in  Sant, a  Monica 
September  27-30,  I960,  Loferskl  quoted  this  paper,  .stating 
that  the  efficiency  of  obtained  from  CdTe  by  the  Russians 
was  the  highest  ever  achieved. (Loferskl  J.  J.  The  photovoltaic 
effect  and  solar  energy  conversion.  ,  INs  ^ergy  conversion 
for  space  power.  New  York,  1961,  221-230. ) 
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The  second  paper  was  devoted  In  its  entirety  to  a  detailed 
theoretical  and  experimental  study  of  the  properties  of  CdTe  p-n 
Junctions  [76].  The  light  and  dark  characteristics  of  two  photo¬ 
elements  are  shown  In  Pig.  11.  Volt-ampere  characteristics  frx 
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Fig.  11.  Dark  and  light  characteristics  of  two  CdTe  photoeiements 


various  samples  were  established  and  the  basic  parameters  computed. 

The  study  showed  that  the  short  lifetimes  of  carriers  In  both  p-type 
and  n-type  CdTe  were  responsible  for  the  high  saturation  current  of 
the  Junctions,  precluding  higher  efficiencies.  Another  reason  why 
an  efficiency  higher  than  could  not  be  obtained  was  the  presence 
of  the  semitransparent  metallic  electrode  which  transmitted  only  half 
of  the  Incident  light.  It  was  suggested  that  further  research  might 
be  directed  toward  Increasing  carrier  lifetime,  the  caution  being 
expressed,  however,  that  this  might  bring  up  the  price  of  the  photocells 
because  of  additional  complexities  in  the  preparation  of  the  material. 

The  fact  that  CdTe  belongs  to  a  group  of  compounds  which 
are  affected  more  than  many  others  by  physicochemical  sxirface  con¬ 
ditions  prompted  a  special  study  of  CdTe  surface  layers,  the  prelim¬ 
inary  results  of  which  were  presented  by  the  same  team  In  the  third 
paper  [77].  The  experiments  showed  that  If  n-type  CdTe  Is  exposed 
to  air  for  a  sufficiently  long  time,  a  p-layer  with  Its  rectifying 
characteristics  forms  on  the  surface.  Conversely,  with  prolonged 
exposure  to  air  of  samples  of  p-type  material,  the  formation  of 
conducting  layers  was  observed  at  the  surface  of  the  single  crystals. 
Heating  of  the  specimens  resulted  in  a  particularly  sharp  lowering 
of  resistance.  X-ray  Investigations  of  the  material  did  not  reveal 
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any  change  in  the  composition  of  CdTe,  and  the  conclusion  was  drawn 
that  the  surface  of  both  p-type  and  n-type  CdTe  must  be  enriched 
with  acceptor  Impurities,  This  hypothesis  was  verified  In  exper¬ 
iments  which  established  that  the  acceptor  Impurity  activation 
energy  lies  within  0,2  to  0,5  ev.  On  the  strength  of  further 
experiments  the  hole  conductivity  In  CdTe  surface  layers  was 
tentatively  explained  by  the  presence  of  vacant  Cd  sites  or  the 
i^emoval  of  donor  impurities  from  the  surface.  The  authors  re- 
garded  atmospheric  oxygen  as  the  probable  principal  factor  in. 
the  formation  of  surface  layers  on  CdTe^  but  suggested  that  the 
problem  required  further  studies. 

After  the  publication  of  the  above  papers,  nothing  was 
heard  from  Maslakovets  and  two  of  his  associates.  Only  the  name 
of  Naumov  reappeared,  once,  two  years  later  as  coauthor  of  an 
extremely  short  communication  [78],  A  full  translation  of  this 
note  follows. 


Efficiency  of  the  bonversion  of  the  energy  of  direct 
solar  radiation  Into  electric  energy  by  means  of  a 
CdTe  photoelement. 

G.  P.  ut.d  0.  V.  Nikolayeva 

Photoelements  of  CdTe  were  the  subject  of  communication 
(1),  At  present,  as  a  result  of  further  developments 
In  the  technology  of  preparing  p-n  Junctions  in  CdTa, 
the  efficiency  of  photoelements  used  in  direct  solar 
light  has  been  successfully  Increased. 

Efficiency  measurements  were  conducted  this  year  In 
mld-Aprll  at  noon.  The  Intensity  of  the  Incident  solar 
radiation  angle  of  0®,  was  77»2  raw/cm^.  Exposed  to 
such  light,  a  photoelement  with  a  surface  of  1  cm* 
yielded  a  short-circuit  current  of  9»8  ma/cm^.  The  open- 
circuit  voltage  was  0.75  v.  The  photoelement  developed 
the  highest  useful  power  at  a  voltage  of  0,6  v  and  a 
current  of  7*8  ma/cm*,  cori^espondlng  to  a  load  resist¬ 
ance  of  77  ohm-cm^.  The  useful  electric  power  was  4.65 
mw/cm2.  Consequently,  the  efficiency  of  such  a  photo¬ 
element  at  direct  solar  light  amounts  to  6^.  The  filling 
coefficient  of  the  load  characteristic  at  such  an  Inten¬ 
sity  of  Incident  solar  radiation  was  0,63. 
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If  the  workers  of  the  L. lingrad  Institute  of  Semiconductors 
had  succeeded  In  obtaining  6^  efficiency  of  CdTe  photoeleihents  without 
excessively  raising  the  cost  of  p:’;parlng  this  relatively  Inexpensive 
material,  they  would  have  taken  a),  important  step  toward  realization 
of  their  ambitious  plans  for  largt  -scale  solar  energy  conversion. 
Naumov's  and  Nlkolayeva's  comraunlc‘ tlon  Is  In  this  respect  noncommittal. 
However,  in  this  connection,  the  stbsequent  extension  of  Soviet  re¬ 
search  on  this  particular  compound  may  be  of  some  significance. 

Even  before  the  note  quoted  above  appeared,  other  properties 
of  CdTe  not  covered  by  the  research  of  the  Maslakovets  team  had  been 
Investigated  by  Soviet  physicists.  Dubrovskiy,  who  In  the  mid- fifties 
worked  with  Maslakovets  on  Si  photoelements  [79]  at  the  ’’atter's 
request  turned  as  early  as  1959  to  the  study  of  the  optical  properties 
of  CdTe.  In  a  first  series  of  experiments  he  perfomed  detailed  meas¬ 
urements  of  the  spectral  sensitivity  of  a  number  of  CdTe  photoelements 
in  order  to  establish  the  effect  of  shortwave  light  on  the  multiplica¬ 
tion  of  electrons  [80].  The  measurements  showed  a  significant  drop  In 
the  values  of  Q«a  —  the  product  of  the  quantjum  yield  of  the  material  Q 
and  the  collection  coefficient  a  —  with  an  Increase  in  photon  energy 
in  the  range  2,5  to  3^5  ev„ 

Taking  into  account  that  the  quantum  yield  of  the  material 
Is  constant  within'  the  limits  Eq  ^  hv  2  E(j,  this  Indicates  a 

reduction  of  the  collection  coef¬ 
ficient  In  the  shortwave  region  of  the 
spectrum.  Contrary  to  the  expec¬ 
tation  that  with  further  Increase 
In  photon  energy  the  collection 
coefficient  would  continue  to 
decrease,  the  experiments  showed 
a  fairly  rapid  Increase.  This'  rise 
of  the  Q-a  value  in  the  range  3o5 
to  5.0  ev  was  explained  by  the  in¬ 
crease  in  the  quantum  yield  of  the 
material,  l.e.,  as  an  effect  con¬ 
nected  with  the  multiplication  of 
electrons  or  holes  at  carrier  en¬ 
ergies  surpassing  the  width  of  the 
forbidden  gap  of  CdTe.  The  surplus 
of  energy  of  majority  carrier^ 
necessary  for  producing  Impact  ionization  was  found  to  be  approxi¬ 
mately  ^  ev. 

In  a  follow-up  paper,  Dubrovskiy  presented  the  absorption 
and  reflection  coefficients  of  CdTe  In  the  0.4  to  6.0j|^  region  of  the 
spectrum  [8l]„  The  effects  of  photon  energy  on  the  absorption  coef¬ 
ficient  are  shown  in  Fig.  13.  He  also  took  up  the  observations  ; f 
Maslakovets  and  the  latter's  associates  regarding  peculiarities  in 
the  surface  properties  of  the  material,  confirming  that  a  lengthy 
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Fig.  12.  Dependence  of  Q*a  on  the 
energy  of  incident  photons  of  three 
CdTCe  samples 
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exposure  to  air  causes  the  formation  of  a  surface  film  which  distorts 
the  absorption  curve. 

Independently?  of  IX).brovEkly '  s 
work,  M.  Y.  Kot  and  Yu.  Ye,  Maronchuk 
of  Kishinev  State  University  inves¬ 
tigated  the  optical  characteristics 
of  CdTe,  concentrating  on  the  properties 
of  thin  layers  of  the  material  [82], 

They  showed  that  the  absorption  coef¬ 
ficient  Increases  in  the  infrared 
region  for  layers  <0,5  M-  and  that 
the  electrical  conductivity  of  such 
layers  is  much  higher  ■  i  an  that  of 
thicker  ones.  No  appreciable  shifts 
in  longwave  cutoffs  with  changes  in 
sample  thickness  were  observed  —  the 
absorption  coefficients  for  all  samples 
measured  corresponded  to  wavelengths  of 
8700  to  8800  A  or  photon  energies  of 
1.4  to  1.42  ev,  findings  which  agree 
with  data  for  CdTe  monocrystals.. 
Annealing  had  no  effect  on  the  wavelengths,  though  it  increased  the 
granularity  of  tlie  material,  a  possible  cause  of  the  reduction  observed 
in  the  amount  of  transmitted  longwave  light.  Stoichiometric  samples 
showed  much  better  characteristics  than  those  with  an  excess  of  Te, 

Samples  with  an  excess  of  Ud  were  strong  absorbents.  However,  after 
vacuum  annealing  at  CdTe  thin  layers  with  an  excess  of  either 

Cd  or  Te  showed  transmission  characteristics  close  to  those  of  stoi¬ 
chiometric  samples.  It  may  be  noted  tliat  two  members  of  the  Drogobych 
Pedagogical  Institute  more  recently  called  attentipn  to  the  marked 
increase  in  photocurrent,  along  with  an  increase  in  dark  current, 
which  they  had  obtained  from  CdTe  thin  layers  adtlvated  hy  mercury  [83]a 

A  major  contribution  to  the  understanding  of  certain  pecul¬ 
iarities  of  'CdTe  was  made  by  S.  A,  Semiletov  of  the  Institute  of 
Crystallography,  Academy  of  Sciences  USSR,  in  Mo.scow,  who  offered 
an  explanation  for  the  unusually  high  photovoltage  which  .shows  across 
the  ends  of  CdTe  vacuum-evaporated  thin  films  [84],  The  phenomenon 
was  discovered  in  1957  by  Pensak  of  the  RCA  [85],  and  the  electrical 
properties  of  thin  films  were  described  by  Pensak' s  collaborator, 
doldsteln  [86],  The  American  researchers  had  obtained  a  value  of 
100  v/cra  and  had  established  that  the  presence  of  the  effect  and  its 
magnitude  depend  on  the  angle  at  which  the  CdTe  vapor  is  deposited 
onto  the  substrate,  l.e.,  that  the  high  photovoltage  appears  only  if 
in  deposition  of  fne  film  the  molecular  beam  is  directed  at  a  slanting 
angle  to  the  substrate.  Since  the  photovoltage  of  a  single  junction 
Is  limited  by  the  band  gap  of  the  material  (in  this  case,  1.45  e'^'i 
Pensak  and  Goldstein  concluded  that  the  effect  must  be  caused  by  a 
multiple  gap  phenomenon  produced  by  a  hitherto  u.nknown  crystallo¬ 
graphic  ordering  process. 


nv ,  e  / 

Fig.  13.  De.pendence  of  the  light 
absorption  coefficiout  k 
on  the  energy  of  the  inci¬ 
dent  pkiotcro.3  hv  for  CoTe 
samples 
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In  his  paper  Semlletov  stated  that  the  crystallographic 
ordering  process  of  CdTe  had,  in  fact,  teen  known  before  the  AJtnerlcaa 
discovery  of  the  high  photovoltage  effect  and  that  he  himself  had. 
described  it  in  1955  and  1956  [87,  88],  Semiletov  addeds  "PensaJc 
apparently  Ignored  these  works  and  was  therefore  unable  to  suggest 
any  mechanism  producing  the  high  voltage  photoemf  in  thin  fi^lms  of 
CdTe."  According  to  Semiletov 's  electronographic  investigations, 
this  mechanism  is  a  peculiarity  of  the  crystallographic  arrangement 
in  CdTe  and  consists  in  two  simultaneously  present,  orderly  spaced 
modifications —  a  cubic  and  a  hexagonal  one.  _Tb.e  mutual  orientation 
of  the  crystallites  is:  face  [^OOllhex  H  direction 

[1120  ]j^  l|[ilO]cub  [see  Pig.  14].  fhe  high  voltage  photoemf  is 

caused  by  the  departure  from  the 


ideal  regular  arrangement  of  the 
atomic  lawyers,  l.e.,  by  the 
defects  in  the  packing  and  by 
the  boundaries  at  the  transitions 
from  he.xagonal  to  cubic  packing 
and  vice  versa. 

Semiletov  provided  the 
following  explanation  of  the 
dependence  of  the  high  photo¬ 
voltage  on  the  vapor  deposition 
angle  and  on  the  vector  o.f  +he 
electric  f.le;,do  If  the  film  Is 
deposited  by  evap»WAt,I.on  at  an 
angle  perpend,!’. '.'.u.Ia.r-  to  fc.he  sub" 
trate,  layers  hor:Lz.oni"al  to  the 


substrate  wi'l.l  develop,,  with  the 


Fig.  14.  Relative  positim  of  cubic  electric'  vector  taking  a. 

and  hexagonal  crystallites  in  a  CdTe  vertical  pos.,!.t.ioo,,  -and  no  voltage 
layer  will  show  acros=<  r-he  ends  of  t.he 


sample.  If,  however,  the  film  is  deposited  ot  a  •■r rh^  field 
vector  will  take  the  same  position,  wit'),  the  phoT-oemf  tv-trig  pr-opor'- 
tlonal  to  the  sine  of  the  angle  between  tii.e  'norcaal  to  t.he  plane  and 
the  direction  of  the  vapor  stream.  The  OO'- irr^n  •■.  ?  of  a  very  h.lgh 
e.m:f'  in  thin  CdTe  films  was  observed  also  by  aiother  .rnves‘"lgator i 
in  this  case  the  governing  condition  'was  that  'th^  films  were  deposit 
on  a  substrate  of  a  highly  insulating  mate.r.lel  [89 1. 


With  the  exception  of  the  news  ite.m  in  a  Lithuanian  newspi^per 
quoted  earlier  [4]  to  the  effect  that-  a  team  of  spec  la,l:i  sts  were  an 
work  early  in  I961  at  the  Laboratory  of  Semi londuc  tors  of  the  Llthua,:;ii  av 
Institute  of  Physics  and  Mathematics  on  "new  semi  co'niuc  tor  dev,t--es  from 
thin  CdTe  films"  for  power  generat.ion  and  oths’'  use?,  no  reports  have 
been  found  which  indicate  that  CdTe  solar  batteries  are  in  act’i^lnise 
in  the  Soviet  Union. 
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other  Materials 


In  their  evaluation  of  materials  having  the  theoretically 
most  propitious  energy  gap  for  use  in  photoelements,  Rlttner  and 
Loferskl  rated  gallium  arsenide  about  as  high  as  CdTe  [72,  73]* 

Also,  at  the  time  when  the  highest  effltrtency  of  CdTe  experimental 
cells  did  not  attain  4;^,  QaAs  cells  with  an  efficiency  of  9^  were 
reported  by  the  RCA  Semiconductor  Products  Division  [90],  It  was 
further  recognized  in  the  United  States  that  QaAs  is  more  Immune 
to  radiation  tlr^an  Si,  and  because  it  can  be  used  at  temperatures 
above  150*C  it  was  singled  out  as  a  material  particularly  suitable 
for  light-concentrator  equipped  devices  [91J. 

In  the  USSR,  QaAs  did  not  until  recently  appear  to  be  of 
..great  Interest  to  Soviet  solar  battery  experts.  Kolomiyets,  a 
leading  scientist  in  the  fie3-d,  considered  arsenic  a  "troublesome" 
material  [92],  and  no  paper  on  QaAs  could  be  found  bearing  the 
signature  of  any  of  the  specialists  on  the  photovoltaic  effect  at 
the  Institute  of  Semiconductors  In  Leningrad.  Although  Nasledov 
of' the  Ioffe  Institute  has  been  studying  QaAs  since  1957^  he  has 
given  no  explicit*  Indication  that  he  would  consider  this  semicon¬ 
ductor  particularly  valuable  for  solar  energy  conversion.  It  should 
be  noted  also  that  Nasledov  does  not  deal  with  this  one  material 
exclusively,  as  is  the  case  of  many  experts  on  Si,  CdTe,  or  CdS,  and 
that  he  has  devoted  more  of  his  time  to  InSb  than  to  QaAs. 

B.  V,  Tsarenkov  has  been  Nasledov 's  most  frequent  collab¬ 
orator  In  QaAs  research  since  1957^  but  other  members  of  the  Ioffe 
Institute,  including  Ryvkin,  have  3oined  them  In  various  Investl^ 
gatlons,  Ihe  main  topics  have  been  the  properties  of  p-n  Junctions 
and  volt-ampere  characteristics  [93,  94],  the  dependence  of  spectral 
characteristics  of  QaAs  photoelements  on  the  diffusion  of  Cd  and  Zn 
Impurities  ^d  on  etching  [95],  the  spectral  distribution  of  recombination 
radiation  [96,  97}*s  a'cd  the  anomalous  decrease  of  the  resistance  of 
n-type  GaiAs  under  the  influence  of  a  magnetic  field  [98]  —  an  effect 
discovered,  but  not  explained  by  Yemel' yanenko  and  Nasledov  in  1958 
[99].  Independent  studies  of  QaAs  were  made  also  by  workers  of  the 
Institute  of  Physicotechnlcal  and  Radlotechnlcal  Measurements  In 
Moscow,  who  determined  the  resistivity.  Hall  coefficient,  and  magnetic 
resistance  In  n-type  QaAs  at  Impurity  concentrations  of  IC^^  to  10^”^ 
cm"’  [100.],  and  at  Zhdanov  University  where  QaAs  photoemission  was 
Investigated  [101,  102]. 

Nasledov’ s  interest  in  Indium  antlmonlde  dates  from  1956 
when,  aware  of  the  work  done  by  Western  researchers  such  as  Madelung, 
Weiss,  Prltzsche,  and  Lark-Horovitz,  whom  he  quotes  In  his  references, 
he  began  experimenting  on  samples  which  proved  not  to  be  pure  enough 


*  It  may  be  noted  that  during  this  particu.lar  research  Nasledov 
also  ^ealt  with  interactions  which  might  be  connected  with 
laser- type  emission. 
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to  yield  reliable  data  [I03].  Early  in  1957^  however,  the  laboratory 
which  he  directs  at  the  Ioffe  Institute  succeeded  In  producing  InSb 
of  remarkable  purity  [104],  and  from  then  on  Nasledov,  in  collaboration 
with  several  associates  at  the  Institute,  devoted  much,  If  not  most ,< 
of  his  time  to  InSb  research,  although  the  characteristics  of  this 
material  seemed  to  confine  the  field  of  its  application  chiefly  to 
the  detection  of  Infrared  radiation.  Reports  on  InSb  bearing  Nasledov 's 
name  include  studies  on  photosensitivity  [105],  electric  properties  of 
p-type  and  n~type  materials  [106,  107,  IO8,  109],  the  photomagnetlc 
effect  and  effects  of  magnetic  fields  [110,  111,  112,  113,  114,  115]^ 
and  ''he  behavior  of  current  carriers.  The  last  subject  was  covered 
in  a  thorough  Investigation  of  the  mechanism  of  carrier  scattering 
[116,  117,  118,  119]>  a  process  which  Nasledov  explains  by  free 
charge  carriers,  the  acoustic  oscillations  of  the  lattice,  and  Inter¬ 
actions  of  Impurity  Ions.  He  also  studied  the  properties  of  InSb- 
A13b  solid  solutions  [120,  121],  while  solar  cell  expert  Kolon ly elTS, 
published  a  paper  on  InSb-GaSb  [122]  and  investigated  a  method  of 
growing  InSb-GaSb  double  crystals  with  the  aim  of  obtaining  a  multiple- 
gap  semiconductor  material  [123]. 

Before  InSb  research  had  been  taken  over  by  the  Ioffe  Insti¬ 
tute,  V.  P.  Zhuze  and  I.  M.  Tsldil 'kovskiy  of  the  Institute  of  Semi¬ 
conductors  In  1958  published  a  report  on  their  work  on  the  magnetic 
field  effects  in  InSb  [1241.  More  recently,  Tsldil 'kovskiy  published 
the  results  of  his  studies  of  transport  phenomena  In  InSb  [125],  and 
this  compound  was  also  included  in  his  investigation  of  electron  and 
hole  scattering  In  compounds  of  the  group  [126].  Data  on  InSb 

were"  contributed  by  D.  K'..  Amirkhanova  and  R.  I.  Bashirov  of  the 
Dagestan  Branch  of  the  Academy  of  Sciences  USSR  In  Makhachkala  [127, 
128];  by  a  team  at  Moscow  University,  who  experimented  with  InSb  sub¬ 
jected  to  millimeter  radiation  [129 J;  and  by  N.  N.  Sirota  and  Ye.  M. 
Gololobov,  who  Independently  of  Nasledov 's  work  on  electron  states, 
presented  numerical  estimates  of  the  radii  of  In  and  Sb  Ions  at  two 
electron  density  levels . [130] . 

Gallium  phosphide  is  the  third  semiconductor  In  which  Nasledov 
has  shown  recent  Interest,  although  restricted  by  the  difficulties  in 
obtaining  GaP  crystals  [131]»  The  absorption  spectrum  of  this  compound 
was  studied  earlier  by  Gross  and  his  associates  [132]. 

Soviet  Institutes  and  personnel  working  on  cadmium  sulfide 
can  be  compared  In  number  only  with  those  doing  research  on  SI.  Prob¬ 
ably  because  of  the  early  Interest  shown  In  this  material  by  Academician 
V.  Ye.  Lashkfcirev,  who  In  1952  in  collaboration  with  G.  A.  Pedorus 
discovered  that  the  photoeurrent  could  be  photoactlvated  in  CdS  by 
irradiation  [133]  — •  a  phenomenon  he  Is  still  working  on  —  much  of 
the  CdS  research  Is  centered  in  the  Ukraine:  In  Klyev  at  the  Insti¬ 
tute  of  Semiconductors  and  the  Physics  Institute,  both  of  the  Academy  of 
Sciences  USSR,  and  the  State  University,  and  In  Odessa  at  the  State 
University.  Of  32  Sovlel-  solid  state  physicists  whose  recent  work  has 
been  exclusively  or  alrriost  exclusively  devoted  to  CdS,  I8  are  affiliated 
with  these  Institutions. 


-  27  - 


The  '‘anomalous"  behavior  of  GdS  under  various  clrcumatances 
viSLB  the  main  subject  of  study  d\iring  the  period  i*evlewed  for  this  re" 
nprt,  Lashkarev  and  his  associates  at  the  Institute  of  Semiconductors 
in  Kiyev  published  their  research  on  photoactivation  by  short  square 
pulses  [13^] «  Other  scientists  in  the  Ukraine  investigated  such 
electrical  properties  of  the  compound  as  the  increase  In  electrical 
conductivity  as  a  function  of  time  [135L  the  change  of  the  sign  of 
phoroeonductlvity  with  illumination  [136].,  the  effect  of  a  strong 
electric  field,  on  the  growth  of  phdtocurrent  and  thermostimulated 
conductivity  [137.,  1381.9  and  gamma  and  electric  conductivity,  the 
last  a  comparative  study  [139^  140].  -phe  Americans  R,  Williams  and 
R.  Bube  in  ,1960  presented  evidence  tnat  in  photoelemenos  01  .i-uw- 
reslstance  CdS  with  electrolytlcally  deposited  copper  or  other 
metals  the  phenomenon  of  a  "s'urface®  photoeffect  occurs  from  the 
metals  into  the  semiconductor  [l4l].  These  findings  were  confirmed 
in  experiments  by  Paritskiy,  Rogachev.,  and  Ryvkin  of  the  Physlco- 
technical  Institute  in  Leningrad.,  who  provided  a  tentative  explanation 
of  the  mechanism  of  the  process  by  drawing  an  analogy  with  the  produc¬ 
tion  of  emf  in  tJ'.e  presence  of  an  n-^p  Junction  [142 J.  They  suggested 
that  the  met,f  l  deposited  onto  n-type  CdS  acts  as  if  it  had  become  a 
p-type  -voii  conduct  or,  a  plausible  phenomenon  because  the  metal  elec¬ 
trons  which  absorb  photons  with  an  energy  higher  than  that  of  the 
barrier  can  play  the  part  of  nonequj. librium  minority  carriers. 

Tile  phenomenon  of  infrared  quenching  .In  CdS  crystals^  which 
began  to  occupy  Soviet  .res . marchers  in  1956  [143]  ten  years  after  it 
had  been  discovered  in  the  Wear.  [.144 J  and  wh..ich  acocr-ding  to  them 
might  he.lp  to  provide  .an  inaign.t  .into  the  general  opt.l'al  properties 
of  sem.loonductors,,  is  being  .i.Mvestig.atad  In  depth  at  Odessa  State 
TJnive.rsity  by  T,  Ya.  Sera  a-ii  his  associates  f.l45.,  .146,.  147].  Pig.  I5 
shows  the  absorption  ciirves  of  two  different  s.amples.,  and  Pig.  .16  shows 
the  effect  of  annealing  on  the  spectral  distrabution  of  the  photoelement. 
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These  scientists  also  computed  and  explained  the  optical 
i.:f.fec.ts  of  Y  “irradiation  of  CdS  samples  [148],.  Extensive  research 
on  other  optical  properties  of  this  semiconductor  is  being  done  at 
Leningrad  State  University  by  Ye.  F.  Gross  [149j,  150^  151^  152^  153^ 
154]j,  whose  Interest  dates  back  to  1956  [155,  156]  and  who  with 
B.  V.  Novikov  in  1958  and  1959  showed  the  exciton  structure  of  the 
CdS  crystal  absorption  edge  [157,  158].  In  Klyev,  under  Lashkarev's 
supervision,  four  physicists  of  the  Institute  of  Semiconductors 
demonstrated  that  the  sensitivity  of  CdS  to  light,  x-rays,  and  Y— rays 
can  be  Increased  by  .the  introduction  of  gold  atoms  into  the  lattice 
[see  Pig.  17  and  18]  [159],  while  at  the  Physics  Institute,  also  with 


Fig,  17.  Spectral  distribution 
of  piriot  ocurrent  cf  1  -  pure  and 
-  gold-doped  CIS  single  crystals 


Fig.  lb.  Fteimostaffiaiatfed 
coiduo.'t.jviry  of  1  -  i:ure 
ani  2  -  goLi  doped  CdS 


L shkarev '  s  help,  a  method  foi-  studying  d.l  ■5location&  in  CdS  was 
devised  [I60].  In  none  of  these  papers,v  however,,  a  direct 

•  tatement  found  which  wou3.d  indicate  that  CdS  is  .in  a  -Tual  use 
.-0  solar  batteries  in  the  USSR. 

That  CdTe  is  not  the  only  material  in  whioh  j.ighc 
generates  an  anomalously  high  pl:K*i.oemf  was  demonstrated  by 
V.  M.  Lyubln  and  u.  A.  Fedorova.,  who  obtained  a  photoemf  of 
;.0  to  120  v  from  1  to  5  M  thick  antimony  trlselenlde  films 
.•ocnuiTi- evaporated  onto  glass  or  mlna  substrates  [l6lj.  As 
in  the  case  of  CdTe,  the  value  of  the  photovoltage  depended 
•rn  rhe  angle  at  which  the  molecular  beam  was  directed  to  the 
ubotrate;  best  results  were  obtained  at  angles  of  25  to  45° 

■  id  eubstrate  temperature  of  approximate.ly  300“' C. 
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The  marked  interest  of  Soviet  researchers  in  cadmium  selenlde 
originated  with  the  demonstration  by  Schwarz  in  the  early  fifties  of 
the  high  photosensltirvlty  of  this  material  [162,  I63],  Encouraged  by 
Kdlomiyets,  semiconductor  physicists  in  Leningrad  started  their  own 
research^  and  the  results  of  the  first  series  of  e^cperlraents  [164,  I65] 
appeared  to  justify  the  expansion  of  CdSe  studies  in  Leningrad  as  well 
as  other  scientific  centers,  Uia’aMan  researchers  took  over  much  of 
the  CdSe  work,  undoubtedly  because  of  the  similarity  in  the  properties 
of  CdS  and  CdSe  discovered  by  Lashkarev's  teejn  in  Klyev  [l66%  In 
1958  Lashloarev  himself  repeated  on  CdSe  the  photoactlvatlon  experiments 
he  had  performed  on  CdS  six  years  earlier  [167],  However,  as  in  the 
case  of 'QaA,s  and  CdS,  no  reports  have  been  found  of  the  use  of  CdSe 
in  photovoltaic  cells,  Pabllshed  research  indicates  that  the  immediate 
Soviet  aim  is  rather  to  gain  knowledge  of  the  material's  electrical 
properties  [168,  169,  170,  171]>  optical  properties  [172,  173].*  and 
crystallographic  characte-rlstlcs  [174],  and  to  develop  methods  of 
preparing  this  compound  [175] • 

As  soon  as  Prince  in  1954  drew  attention  to  the'  possibility 
of  using  aluminum  antlmonlde  in  solar  batterlps  this  material  yn.s 
studied  by  the  Soviet  solar  cell  expert  M,  S,  Somlnskiy  [I76J.  Recent 
literature,  however,  does  not  reflect  marked  Interest  in  this  compound. 
Two  workers  at  the  Moscow  Metallurgical  Institute  investigated  AlSb, 
and  though  they  termed  it  ”one  of  the  materials  v^lth  a  future’*  t.hey 
restricted  themselves  to  a  superficial  study  of  its  properties  wlt.h 
tellurium,  selenium,  and  sulfur  as  impurities  [177]  •  Similarly., 
little  mention  was  found  of  Indlxmi  phosphide  —  a  compound  high  on 
Loferski's  list  of  materials  having  the  most  favorable  energy  gap.s  — 
although  Nasledov,  who  studied  the  carrier  lifetime  of  the  compound, 
mentioned  that  InP  may  be  valuable  for  many  technical  applications  [I68], 
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CONCLUSIONS 


One  fact  which  emerges  clearly  from  the  literature  reviewed 
for  this  report  is  the  emphasis  among  Soviet  researchers  upon  theory^ 
and  in  this  respect  the  present  survey  is  in  full  agreement  with  earlier 
findings  of  Conyers  Herring  of  Bell  Telephone  LaboratorieSj,  who  estimated 
(as  quoted  by  George  A.  W.  Boehm  in  the  November  I961  issue  of  Fortune) 
that  60  percent  of  Soviet  papers  on  solid  state  physics  are  chiefly 
theoretical  as  against  only  35  percent  of  the  American  ones. 

The  majority  of  the  photovoltaic  cell  experts  in  the  USSR 
seems  to  be  much  more  interested  in  working  out  general  formulas  to 
explain  experimental  results  than  in  trying  to  solve  experimentally 
any  practical  problems.  Aided  by  rigorous  mathematical  trainings  tiiese 
scientists  -  many  of  them  young  men  Judging  from  the  fact  that  their 
names  did  not  appear  in  Journals  published  before  1959  -  niay  well  prove 
able  to  achieve  their  aim  of  replacing  the  present  Inadequate  theoretical 
framework  underlying  the  photovoltaic  phenomena  with  one  in  better 
agreement  with  observable  data.  In  this  field  the  work  of  such  men  as 
Lashkarev,  Gubanov,  Subashiyev,  Bonch-Bruyevich  and  Ryvkln  should  be  given 
close  attention. 

While  the  task  of  reworking  the  photovoltaic  effect  theory  may 
take  time,  there  are  reasons  to  expect  that  the  heavy  reliance  of  Soviet 
researchers  on  theoretical  considerations  is  already  paying  off  by 
allowing  them  to  avoid  certain  costly  mistakes;  for  example,  they  cor¬ 
rectly  chose  for  their  sputniks  the  p-type-base  silicon  cell  instead 
of  the  easier  to  produce  but  much  less  radiation- resistant  n-type  used 
in  the  cells  of  the  US  satellites. 

A  second  salient  point  is  that  the  USSR  is  accelerating  these 
programs  by  assigning  large  numbers  of  researchers  to  various  aspects 
of  the  same  problem.  The  case  of  extrinsic  photoconductivity  phenomena 
is  typical.  Once  it  was  recognized  that  the  shortcomings of  current 
explanations  of  these  processes  were  the  majofr  sWmbllng  block  in  many 
branches  of  semiconductor  applications,  Ryvkln,  the  best  man  in  the 
field,  was  given  the  task  of  producing  a  more  effective  theoretical 
framework.  He  has  gathered  around  him  Khansevarov,  Parltskly,  Berkovskly, 
Arkad 'yeva,  Strokan,  Kasymova,  Yaroshetskiy  and  Rogachev,  eight  highly 
trained  solid-state  physicists  and  experts  in  extrinsic  phenomena,  and 
in  1961  and  1962  presented  in  a  dozen  papers  a  long  series  of  new 
formulas,  some  of  which  are  already  being  applied  to  specific  problems. 

The  Soviet  Union  has  the  advantage  in  this  endeavor  not  only 
of  a  centralized  organization,  but  also  of  a  lai.'gsr  number  of  solid  state 
physicists  than  any  other  country.  According  to  Conyers  Herring's 
previously  quoted  estimates,  based  on  i960  figures,  24  percent  of  the 
world's  solid  state  physicists  are  in  the  USSR  as  against  21  per..  ,nt  in 
the  US.  Because  of  this  steadily  growing  number  of  highly  skilled  men, 
the  Russians  can  also  narrow  their  fields  of  specialization  to,  in  some 
cases,  relatively  minor  phenomena  or*  single  compounds. 
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A  third  point  to  consider  Is  the  decreasing  use  of  recent 
foreign  data  by  Soviet  photovoltaic  cell  researchers.  While  they 
still  seem  to  receive  translations  of  all  the  more  important  recent 
papers  published  abroadj  they  now  tend  to  cite  more  and  more  often 
only  those  foreign  works  that  were  produced  before  i960,  when  the 
expansion  of  Soviet  solid  state  physics  began  manifesting  Itself. 

A  rough  survey  shows  that,  while  the  proportion  of  non- 
Soviet  to  Soviet  works  published  between  1955  and  1959  cited  by 
Russian  authors  In  1962  was  about  6  :  1,  the  same  authors  quoted 
In  the  same  papers  more  Soviet  than  non-Soviet  works  published  In 

1960  and  after. 

A  curious  method  of  handling  science  information  v/as  shown 
in  the  present  report  In  the  review  of  a  series  of  papers  on  cadmium 
tellurlde  research.  This  was  published  over  a  period  of  four  years  ' 
by  a  team  of  researchers,  Vodakov,  Lomakina,  Naumov  and  Maslakovets. 

The  latter  was  the  man  who  nearly  twenty  years  earlier  built  the 
most  efficient  photovoltaic  cell  of  that  time  and  has  been  since 
considered  to  be  one  of  Russia's  foremost  experts  in  the  field. 

At  first.  In  Julv  1957,.  a  rather  Insignificant  communication 
could  be  found  In  the  Zhurnal  tekhnlcheskoy  fiziki  stating  that  the 
four  researchers  had  obtained  the  modest  efficiency  of  2  percent  from 
experimental  cadmium  tellurlde  photoelements  they  had  produced.  After 
that  the  name  of  Maslakovets  (who  obviously  must  have  headed  the  team) 
and  of  his  three  associates  vanished  from  the  pages  of  Soviet  science 
Journals  for  fully  two  and  a  half  years  until.  In  the  January  i960 
issu^  of  the  Plzlka  tverdogo  tela  they  reappeared  as  authors  of  three 
extensive  papers  reporting  on  the  most  through  Investigations  ever 
made  of  cadmium  tellurlde  solar  cell  material  and  claiming  an  effi¬ 
ciency  of  4  percent.  An^  again  the  name  of  Maslakovets,  Lomakina  and 
Vodakov  vanished  and  could  not  be  traced  in  any  Soviet  Journal  through 
the  end  of  December  I962,  the  last  month  included  in  the  present  survey. 
However,  the  fourth  membei’  of  the  team,  Naumov,  emerged  in  December 

1961  as  coauthor  (with  an  unknown  woman  scientist  Nlkolayeva)  oe  the 
shortest  communication  ever  published  by  Flzika  tvcrdogo  tela,  which 
stated  that  an  efficiency  of  6  percent  had  been  oDuaineo  from  an  exper¬ 
imental  cadmium  tellurlde  photovoltaic  solar  cell. 

If  the  approach  evidenced  by  this  particular  case  for  the 
release  of  scientific  data  can  be  considered  as  part  of  a  pattern, 
then  interesting  Indications  may  be  inferred  from  certain  names  lost 
to  view  from  the  pages  of  Soviet  science  Journals  after  they  showed 
up  heading  some  particular  research.  The  underscored  names  of  Soviet 
scientists  In  the  appendix  to  the  present  report  should  provide  help 
in  such  Inquiries  because  they  are  those  of  the  top  men  who  usually 
direct  groups  of  science  workers  performing  Important  tasks. 
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with  the  exception  of  one  short  paper  by  Kolonilyeta,  no  direct 
mention  of  variable-gap  photoelements  was  found  In  the  literature  of  the 
reviewed  pei'lod.  This  omission  Is  the  more  puzzllpg,  because,  according 
to  Soviet  writers  It  was  Ioffe  who  many  years  ago  first  proposed  a  photo¬ 
voltaic  cell  In  the  form  of  superimposed  germanium- silicon- cadmium  tel- 
luride  layers.  In  view  of  the  detailed  descriptions  of  other  methods 
used  by  the  Russians  to  bring  up  the  efficiency  and  reduce  the  price  of 
the  photovoltaic  cell  materials,  the  most  plausible  explanation  appears 
to  be  that  In  the  Soviet  Union  this  research  is  classified. 

As  to  the  basic  question  of  the  quality  of  Soviet  photovoltaic 
cells  for  solar  energy  conversion,  one  could  conclude  at  the  .beginning 
of  1963  that  the  best  the  Russians  had  were  still  silicon  Instrhaments, 
highly  resistant  to  radiation  and  having  an  efficiency  of  about  15  percent. 
It  seems  probable  that  they  experimented  with  some  form  of  light  concen¬ 
trators  on  their  Cosmos  series  spacecraft.  The  reported  fact  that  early 
In  1961  they  obtained  a  6  percent  efficiency  of  cadmium  tellurlde  photo¬ 
elements  and  that  since  then  nothing  has  been  heard  of  the  Maslakovets 
team  may  be  an  Indication  that  experiments  were  made  In  space  with 
cadmium  tellurlde  Instruments. 

To  sum  up,  the  Russians,  who  see  a  major  economic  advantage  In 
a  rapid  development  of  photovoltaic  cells  particularly  for  large-scale 
power  production,  seem  to  make  great  strides  in  comprehending  and 
mastering  the  photovoltaic  effect  in  semiconductors.  Though  at  the 
present  stage  any  breakthroughs  seem  to  be  unlikely.  It  would  not  be 
surprising  If,  conslaering  the  quality  and  ntimber  of  researcers  employed, 
Soviet  scientists  were  at  the  point  of  demonstrating  significant  advances. 


-  33  - 


REFERENCES 


1.  Kelcjysh,  M.  V.  Twenty-second  Congress  of  the  Communist  Party  of 

the  Soviet  Union;  report  of  the  president  of  the  Academy  of 
SclenpesUSSR.  IN:  Akademlya  naxik  3SSR.  Vestnlk,  v,  31> 
no.  12,  1961,  18.  AS262,a627 

2.  Shchegolev,  D.  M,  Developments  In  solar  technology.  IN:  Akademlya 

navik  SSSR.  Vestnlk,  v.  31,  no.  1,  I96I,  122-123.  AS262.A627 

3*  Yefimov,  Ye.  A  motor  hooked  to  the  sun.  Sovetskaya  Kirgizlya, 

12  Nov  1961,  4. 

4.  Caption  to  photograph.  Sovetskaya  Litva,  I6  ^r  I96I,  4. 

5.  Sdmlnskly,  M.  S.  Solar  power  stations,  Priroda,  no.  9,  19^2, 

77-86.  Q4.P8 

6.  Semenov,  N,  N.  Science  and  the  fujiure.  Komsomol’ skaya  pravda, 

12  Sep  1962,  4. 

7.  Vavilov,  V.  S.,  A.  P.  Landsman,  and  V.  K.  Subashlyev.  Solar 

batteries.  IN:  Akademlya  nauk  SSSR.  Iskustvennyye 
sputnlkl  zemli,  no.  2,  1958,  75-80, 

8.  Oashimzade,  P,  M. ,  and  V.  Ye.  Khartslyev.  Band  structure  of 

complex  semiconductors;  calculation  of  band  structure  of  SI, 

Ge,  and  GaAs  by  the  modified  OPW  method.  PPT,  v.  3^  no.  5, 

1961,  1453-1457.  QCI76.AIP5* 

9.  Oashimzade,  P«  M,  Energy  structure  of  complex  semiconductors; 

hole  spectrum  In  compounds  with  wurtzit e-type  structurei, 

PTT,  V.  4,  no,  8.  1962,  2059-2064. 

10.  Butusov,  Yu,  M, ,  and  M,  V.  Kopytlna,  On  the  substantiation  of 

the  band  theory.  PTT,  v.  3,  no,  2,  196I,  395-397, 

11.  Gubanov,  A.  I,  Band  theory  of  partially  ordered  systems,  PTT, 

V.  3,  no.  7,  1961,  2154-2159. 

12.  Gubanov,  A.  I,  On  the  theory  of  Impurity  levels  In  amorphous 

semiconductors.  PTT,  v,  3,  no,  o,  I90I,  2336-2341. 

13.  Bonch-Bruyevich,  V,  L.,  and  V,  B.  Glasko,  On  the  theory  of 

electronic  states  related  to  dislocations,  I,  Linear  dis¬ 
locations,  PTT,  V.  3,  no,  1,  I96I,  36-46, 


'*  PTT  =  ^izika  tverdogo  tela,  QC176,'A1P5 


4 


14,  Bonch-Bruyevich,  V.  L.'  On  the  theory  of  electronic  states 

related  to  dislocations,  II.  Screw  dislocations.  PffT, 

V,  3,  no.  1,  1961, .47-52. 

15,  Bonch-Bruyevich,  V»  Features  of  energy  spectrum  of  multi- 

electron  system  in  a  semiconductor,  PTT,  v,  3,  no.  3,  1961, 

768-775. 

16,  Bonch-Bruyevich,  V.  L,  and  A.  G.  Mironov.  On  the  influence 

of  an  impurity  on  tne  electric  spectrum  of  current  carriers, 

PTT,  V.  3,  no.  10,  I96I,  3OO9-302I. 

17,  Gulyayev,  Yu,  V.  Statistics  of  electrons  and  holes  in  semi¬ 

conductors  with  dislocations.  PTT,  v.  3,  no,  4,  I96I, 

1094-1100. 

18,  Kokorlsh, Ye,  Yu,,  and  N,  M.  Sheftal’.  Dislocations  in  semi¬ 

conductor  crystals.  Uspekhl  fizlchesklkh  nauk,  v.  72, 
no,  3,  i960,  479-494.  QC1.U8 

19»  Ryvkln,  S.  M.  Kinetics  of  impurity  photoconductivity, 

INj  American  Physical  Society.  Bulletin,  Series  II, 

V.  6,  no.  5,  1961,  476.  QC1.A55 

20.  Ryvkln,  S,  M, ,  L,  G.  Paritskly,  R.  Yu.  Khansevarov,  and 

I.  D.  Yaroshetskiy,  Investigation  of  the  kinetics  of 
extrinsic  photoconductivity  as  a  method  for  determining 
local  level  parameters,  PTT,  v.  3,  no,  1,  I96I,  252-2d6, 

21.  Ryvkln,  3.  M. ,  R.  Yu,  Khansevarov,  and  I,  D.  Yaroshetskiy. 

Investigation  of  impurity  photoconductivity  in  germanium 
irradiated  by  gamma-ray  quanta,  PTT,  v.  3,  no,  10,  I96I, 

3211-3219. 

22.  Paritskly,  L,  G,  Peculiarities  of  extrinsic  photoconductivity 

of  a  semiconductor  with  several  types  of  local  levels  in  the 
forbidden  gap.  PTT,  v.  4,  no,  2,  I962,  470-477. 

23.  Paritskly,  L.  G.,  Ye.  M,  Arkad'yeva,  and  S,  M,  Ryvkln,  Investi¬ 

gation  of  the  kinetics  of  infrared  impurity  photoconductivity 
in  GdS  induced  by  preliminary  illumination,  PTT,  v,  2,  no,  6, 

i960,  1160-1168, 

24.  Arkad'yeva,  Ye.  N.,  R.3,  Kasymova,  and  S,  M,  Ryvkln.  Kinetics  of 

induced  impurity  photoconductivity  in  cadmium  tellurlde,  PTT, 

V.  3,  no.  8,  1961,  2417-2426. 

25.  Arkad'yeva,  Ye.  N,,  and  3,  M,  Ryvkln,  Induced  infrared  photo¬ 

sensitivity  in  some  semiconductors.  PTT,  v.  2,  no.  8,  i960, 

1889-1890. 

26.  Ivanov,  Yu.  L.,  and  3,  M,  Ryvkln.  Optical  recharging  cf  ItipirLIy  centers 

and  kinetics  of  extrinsic  photoconductivity,  I,  Copper  in 
germanium,  PIT,  v.  4,  no.  6,  1962,  1482-1491. 


-  35  - 


27.  Arkad'yeva,  Ye.  N.,  L,  G.  Parltskly,  and  S,  M.  Ryvkln.  Method 

of  longwave  photoelectric  sounding  of  local  levels  In  semi¬ 
conductors,  PTT,  V,  4,  no,  6,  1962,  1578-1588. 

28.  Berkovskly,  P,  M, ,  S.  M.  Ryvkln,  and  N,  B.  Strokan.  On  the 

Influence  of  adhesion  levels  on  the  relaxation  of  current 
through  the  n-p  Junction.  PTT,  v.  3,  no,  1,  1961,  23O-235. 

29.  Yemel ' yanenko,  0.  V.,  T.  3.  Lagunova,  and  D,  N,  Nasledov, 

Impvirlty  band  In  crystals  of  p-  and  n-galllum  arsenide. 

PTT,  V.  3,  no.  1,  1961,  198-203. 

30.  Komar,  A.  P.,  and  V.  P.  Savchenko.  Influence  of  Impurities 

and  dislocations  on  electron  field  emission  of  metallic 
crystals,  PTT,  v.  4,  no,  5>  1962,  13^-1351. 

31.  Vltovskly,  N.  A.,  D.  P.  Luklrskly,  T.  V.  Jiashovets,  aDd.S.'M. 

Ryvkln,  Impxirlty  atoms  In  Ge  and  31.  PTT,  v,  4,  no.  3, 

1^2,  816-818. 

32*  Vltovskly,  N.  A,,  D,  P.  Liiklrskly,  T.  V.  Mashovets,  and  V.  I. 

MSyakota.  Energy  spectrum  of  defects  In  silicon  caused  by 
electron  Irradiation.  PTT,  v.  4,  no.  5j  1962,  1140-1145. 

33.  Vavilov,  V,  3.,  I,  V.  Smirnov,  and  V,  A,  Chapnln,  On  the 

Interaction  of  LI  Impurity  atoms  In  silicon  with  radiation 
structure  defects.  PTT’,  v,  4,  no,  5,  1962,  1128-1131. 

34.  Milevskiy,  L,  3.  Influence  of  thermal  treatment  on  current 

carrier  lifetime  In  31  doped  with  Cu.  PTT,  v.  4,  no,  3, 

1962,  825-827. 

35.  Rzhanov,  A.  V.,  and  I.  A.  Arkhipova.  Surface  recombination 

In  germanliun  at  high  Injection  levels.  PTT,  v.  3,  no.  7, 

1961,  1954-1959. 

36.  Rzhanov,  A.  V.  Recombination  statistics  In  case  of  the  capture 

of  charge  carriers  by  excited  states  of  recombination  centers. 
PTT,  V.  3,  no.  12,  1961,  3691-3697. 

37.  Rzhanov,  A.  V.  On  the  theory  of  surface  recombination  In 

semiconductors.  PTT,  v.  3,  no.  12,  1961,  3698-3705. 

38.  Bogdanov,  3.  V.,  and  B.  D.  Kopylovskly,  Application  of  lifetime 

of  nonequilibrium  current  carriers  In  semiconductors.  PTT, 

V.  3,  no.  3,  1^1,  926-934. 

39.  Subashlyev,  V.  K.  Photoeffect  on  p-n  Junction  with  arbitrary 

function  of  generation.  PTT,  v.  3,  no.  12,  I961,  3571-3580, 

40.  Subashlyev,  V.  K.  Influence  of  a  layer  with  increased  recom¬ 

bination  on  the  dark  characteristics  of  n-n  Junctions.  PTT, 

V.  4,  no.  9,  1962,  2359-2364. 


-  36  _ 


4l,  PreanoY,  A,  On  the  calculation  of  forbidden  energy  gap  In 

Aii^  type  semiconductors.  PTT,  v.  4,  no.  2,  19o2,  548-549, 

42*  Petrusevlch,  V.  A.  Determination  of  semiconductor  parameters  by 
means  of  the  photomagnetlc  effect  compensated  by  photoconduc¬ 
tivity.  PTT,  V.  4,  no.  2,  1962,  461-464. 

43,  Akimov,  I.  A.,  and  Ye.  K.  Putseyko.  Photoelectric  sensitivity 

spectra  of  semiconductors  determined  by  different  methods. 

PTT,  V.  4,  no.  6,  1962,  1542-1548, 

44,  Prince,  M.  B,  Silicon  solar  energy  converters.  Journal  of 

Applied  Physics,  v.  26,  no.  5,  1955>  534-540, 

45,  Berkovskly,  F.  M.,  and  S.  M.  I^vkln.  Sensitivity  of  Oe  and  SI 

photocells  In  Impurity  excitation  region.  PTT,  v.  4,  no,  2, 

1962,  366-375. 

46,  Vltovskly,  N.  A.,  D,  P.  Luklrskly,  T.  V.  Mashovets.  and  S.  M, 

Ryvkln.  Impurity  atoi^s  In  Qe  and  31.  PTT,  v.  4,  no,  3, 

1962,  816-818. 

47,  Nolle,  B.  and  Q,  N.  Galkin.  Generation  centers  In  diffusion 

silicon  p-n  Junctions,  PTT,  v.  3,  no.  8,  I96I,  2350-2354. 

48,  Galkin,  0.  N.,  E.  L.  Nolle,  and  V.  S,  Vavilov.  Recombination 

levels  In  silicon  arising  at  high  temperature  treatment. 

PTT,  V.  3,  no.  8,  1961,  2355-2361. 

49,  Chviklchev,  M.  V.,  and  V,  S,  Vavilov,  Formation  of  lattice 

defects  under  the  action  of  thermal  neutrons  by  Irradiation 

of  silicon  single  crystals  In  a  nuclear  pile.  PTT,  v,  3, 

no.  5,  1961,  1522-1527. 

50,  Vavilov,  V.  3,,  and  A.  P.  Plotnikov,  Photoconductivity  In 

p-slllcon  Irradiated  by  neutrons,  PTl',  v.  3,  no,  8,  I961, 
2455-2457. 

51*  Plotnikov,  A.  F.,  V,  S.  Vavilov,  and  L,  S,  Smlimov.  Kinetics 
of  photoconductivity  In  p-slllcon  Irradiated  by  neutrons. 

PTT,  V.  3,  no.  11,  1961,  3253-3259. 

52.  Malovetskaya,  V.  M.,  G.  N.  Galkin,  and  V.  S,  Vavilov.  On 

radiation  defect  spectrum  In  silicon.  PTT,  v.  4,  no,  5, 

1962,  1372-1374. 

53.  Vavilov,  V,  S,,  0.  N,  Galkin,  V.  M,  Malovetskaya,  and  A.  P, 

Plotnikov.  On  the  energy  of  photo-  and  thermolonlzatlon 
of  deep  levels  of  radiation  defects  In  silicon,  PTT,  v.  4, 

no.  7,  1962,  1969-1970. 


-  37 


54,  Iglltsyn,,  M.  I.j,  and  V.  N,  MoMkovleh.  Influence  of  copper  on 
recombination  processes  in  silicon  subjected  to  thermal 
treatment.  PTT,  v.  3j>  no,  3j  1961^  979-980. 

55*  Subashlyev,  V.  K.,  A.  P,  Landsma-n,  and  A.  A,  Kukharskiy. 

Distribution  of  phosphorus  atoms  during  diffusion  Into 
silicon.  PTT.,  V.  2,  no.  ii,  1960^  2703--2799. 

56.  Dubrovskly,  G.  B.j,  and  V.  K.  3ubashiyev,  B'undamental  absorption 

edge  in  31  heavily  doped  with  boron,  PTT.,  v.  4,  no,  11.,  I962, 

3018-3026. 

57.  Zaytseva^  A.  K,.,  and  A.  Ya,  Gi-llberma.n .  Investigation  of  the 

distribution  of  impurities  in  the  surface  layer  of  photo¬ 
electric  converters  of  solar  energy  made  from  n-sillcon, 

PTT,  V.  3,  no.  8,  I96I,,  2.377“2382. 

58.  Bolt»-ks„  ■'  .  I.,  and  N.  N.  Mafveyeva.  On  diffusion  of  phosphorus 

1  silicon.  PTT.,  v.  4.,  no.  3..,.  I962.,  609-6l4, 

59.  Mikhaylova,  D.  N.,  and  I.  D.  Kasabov.  On  the  diffuslonal  dis¬ 

tribution  of  phosphorus  in  silicon.  PTO,,  v.  4.  no.  6,  I962, 

1671-1673. 

60.  Vavilov.,  V.  S.,  G.  N.  Galkin.,  and  V.  M.  Malovetskaya.  Investi¬ 

gation  of  silicon  photoelament s  for  solar  energy  conversion, 
Atomnaya  energlya.,  v.  4.,  no.  6.,  1958.,  571  -575.  QC770.A83 

61.  Baum,  V.  A.., '"r.  P.  Borovikova.,  and  A.  3.  Okhor  in.  An  investi¬ 

gation  of  the  operation  of  a  photoc.ell  exposed  to  large 
light  streams.  Inzhenerno -f Islcheskiy  zhurnal,  v.  3..  no.  8, 
i960,  47-52.  TA4.I83 

62.  Borovikova,  R.  P,.  Investigation  of  o.lXlrori  photoelements  at 

high  concentrations  fif  soovr  irjcrgy.  IN;  i^kademlya  nauk 
SSSR.  Energeticheskl y  insritut,  Tepioenerget Ika,  no,  3, 

1961.,  152-156. 

63.  Daletskly.,  G„  3,.,  P.  I.  K-'-lgin.  A.  F.  Wndsman.,  0,  P.  Plyush., 

N.  V.  Shavrln.,  aud  M.  D.  Yagudavev.  3t udy  of  the  pra:tical 
effects  of  the  use  of  siii-'on  soiar  batteries  with  light 
conoentratori-.  IN;.  Ak^idemlya  n*uk  VzSSR.  .l,zv«stiya. 

Seriya  flziko-matematr  •heskikh  na'OK,  no,  i  .  1962,  49-52. 
QC1.A449A2 

64.  Knlgln.,  P.  I.,  and  L.  A.  Dubrov^kxy.  Inve^  1  igi(tlon  of  the 

operation  of  silicon  phot.-ciem -'f. <  s  ,j.t  high  solar  energy 
intensities,  IN:  Akademiya  cm  rc  Ti'eSSR.  l-vc-^tlya. 

Seriya  fltiko-m-l.  ■.-‘m-i ''i  i'  '.■''i.-ii  ,i  ,  no.  1,  3y,_:+4, 

Q,c1,,A449A:j 


65*  Dubrovskly,  L,  A.,  and  P,  I.  Knlgln.  Investigation  of  the  optimal 
regime  of  the  operation  of  silicon  photoelements  at  high  light 
Intensities.  IN:  Akademlya  nauk  UzSSR.  Izvestlya.  Serlva 
flzlko-matematlcheskikh  nauk,  no,  4,  1962,  57-61.  QC1.A449A2 

66,  Oaletskly,  Q.  3.,  and  N.  V.  Shavicln..  Constznictlonal  and  electrical 
characteristics  of  batteries  from  silicon  pho  tocon  vert  Sr's  • 

IN:  Akademlya  naxdc  SSSR.  Bnergetlcheskly  instltut.  Teplo- 
energ'etlka.  no,,3>  1961,  137-151* 

6j,  ailbenaan,  A.  Ya.,  A.  K.  Zaytseva,  and  A.  F.  Landsman.  A 
photoelectric  converter  made  of  polycrystalline  silicon* 

PTT,  V.  2,  no.  8,  i960,  1751-1754. 

68*  Olibeman,  A.  Ya.,  A.  K.  Zaytseva,  and  A.  P.  Landsman.  Study 
of  the  possibility  of  using -polycrystalline  silicon  for  the 
production  of  photoelectric  converters.  IN:  Akademlya  nauk 
SSSR.  Bnergetlcheskly  instltut,  Teploenergetlka,  no.  3>  196I, 

116-128. 

69*  Zaytseva,  A.  K.,  and  0.  P.  Pedoseyeva.  Study  of  the  possibility 
of  using  silicon  photoconverters  with  working  surfaces  on  two 
sides.  IN:  Akadeodya  navik  SSSR.  Bnergetlcheskly  instltut. 
Teploenergetlka,  no.  3,  196 1,  o7-90, 

70*  aydlnova,  G.  T.  Investigation  of  galvanic  contacts  for  silicon 
in  silicon  photoelements.  IN:  Akademlya  nauk  SSSR,  Energe- 
tlcheskly  Instltut.  Teploenergetlka,  no,  3>  1961,  IO8-II5, 

71.  Cummerow,  R.  L,  Photovoltaic  effect  in  p-n  functions.  Physical 

review,  v.  95>  no,  1,  1954,  16-21,  QC1.P4 

72,  Rlttner,  B.  3.  Use  of  p-n  Junctions  for  solar  energy  conversion. 

Physical  review,  v.  96,  no.  6,  1954,  I708-I709,  QC1.P4 

73«  Loferskl,  J,  J,  Theoretical  considerations  governing  the  choice 
of  the  optimum  semiconductor  for  photovoltaic  solar  energy 
conversion.  Joximal  of  applied  physics,  v.  27,  no.  7,  1956, 
777-784.  QCI.J83 

74*  Lomakina,  0.  A.,  Yu.  A.  Vodakov,  Q.  P.  Navunov,  and  Yu.  P.  Maslakovets. 
Photovoltaic  cell  from  cadmium  tellurlde  (Preliminary  informa¬ 
tion).  Zhumai  tekhnlcheskoy  flzlkl,  v.  27,  no,  7,  1957,  1954. 
QC1.Z48 

75.  Vodakov,  Yu.  A.,  0,  A.  Lomakina,  Q.  P,  Naumov,  and  Yu.  P, 

Maslakovets.  Photoelement  with  p-n  Junction  from  oadmiisn 
tellTU'lde.  PTT,  v.  2,  no.  1,  i960,  3-7. 


-  39  - 


76.  Vodakov,  Yu.  A.,  G.  A.  Lomakina,  G.  P.  Naimov,  and  Yu.  P.  Maslakovets# 
The  properties  of  p-n  junctions  in  photoelements  from  cadmlxim 
telluride.  PTT,  v.  2,  no.  1,  i960,  15-22. 

77*  Vodakov,  Yu,  A.,  0.  A.  Lomakina,  G.  P,  Naumov,  and  Yu.  P.  Maslakovets. 
Investigation  of  surface  layers  In  cadmliun  telluride  crystals. 

PTT,  V.  2,  no.  1,  i960,  55-61. 

78*  Naxanov,  G.  P,,  and  0,  V.  Nlkolayeva.  Efficiency  of  the  conversion 
of  the  energy  of  direct  solar  radiation  into  electric  energy 
by  means  of  a  CdTe  photoelement.  PTT,  v.  3,  no,  12,  I96I, 

3748. 

79»  Maslakovets,  Yu.  P.,  3.  A.  Poltinnikov,  G,  B,  Dubrovskiy,  and 
V.  K,  Subashiyev.  Photoelectric  p-Si  converters  of  solar 
energy,  Zhurnal  tekhnicheskoy  fiziki,  v.  26,  no.  10,  1956, 
2396-2397.  QCl.  Z48 

80,  Dubrovskiy,  G.  B.  Quantvun  output  of  photoelements  with  p-n  junctions 

from  cadmium  telluride  in  the  ultraviolet  region  of  the  spectrum, 
PTT,  V.  2,  no.  4,  i960,  569-570. 

81,  Dubrovskiy,  Q.  B.  Optical  properties  of  CdTe.  PTT,  v.  3>  no,  5, 

1961,  1305-1309. 

82,  Kot,  M.  V.,  and  Yu,  Ye,  Maronchtik,  Optical  properties  of  cadmium 

telluride  thin  films.  IN;  Kishinev.  Unlversltet.  Uchenye 
zaplski,  V.  49,  1961,  86-91. 

83,  Shneyder,  A.  D.,  and  I,  S,  Zhmurko.  Photoelectric  properties  of 

CdTe  layers  activated  by  mercury,  PTT,  v,  4,  no,  3,  1962, 

806-807. 

84,  Semlletov,  3.  A.  On  high-voltage  photoemf  in  CdTe  thin  films. 

PTT,  V.  4,  no.  5^  1962,  1241-1246. 

85,  Pensak,  L,  High-voltage  photovoltaic  effect.  Physical  review, 

V.  109,  no,  2,  1958,  601.  QG1.P4 

86,  Goldstein,  B.  Properties  of  photovoltaic  films  of  CdTe.  Physical 

review,  v.  I09,  no,  2,  1958^  601~603,  QC1.P4 

87,  Semlletov,  3.  A.  Electron  diffraction  study  of  the  cadmium  -  tellurixam 

alloy  system.  IN:  Akademlya  nauk  SSSR.  Instltut  krlstallo- 
grafil.  Trudy,  no.  11,  19'55.,  121-123.  QD901.A6 

88,  Semlletov,  3.  A.  Electronographic  study  of  thin  film  structure 

of  cadmium  sulfide,  selenlde,  and  telluride.  Krlstallografiya, 

V.  1,  no.  3,  1956,  306-310. 


89*  Novlk,  F,  T.  High-voltage  emf  in  CdTe  monocrystalllne  films* 

FTT,  V.  4,  no.  11,  1902,  3334-3336. 

90*  Loferskl,  J,  J*  The  photovoltaic  effect  and  solar  energy 
conversion*  IN:  Energy  conversion  for  space  power. 

New  York,  I96I,  224.  TL1i02.G4A25 

91*  Wysockl,  J.  J.,  and  P.  Rappaport.  Effect  of  temperature  on 
photovoltaic  solar  energy  conversion.  Journal  of  Applied 
Physics,  V.  31^  no.  3,  i960,  571-578*  QCI.J83 

92.  Ivanov-Omskly,  V.  I.,  and  B.  T.  Kolomlyets.  Some  properties 
of  InSb-GaSb  alloy.  PTT-,  v.  1,  no.  4,  1959,  568-569. 

93*  Burdukov,  Yu.  M. ,  A.  N.  Imenkov,  D.  N.  Nasledov,  and  B.  V* 

Tsarenkov.  Junction  melted' GaAs  diodes.  PTT,  v.  3,  no.  3, 

1961,,  991-994. 

94.  Gutkln,  A.  A.,  D.  N.  Nasledov,  'V.  Ye.  Sedov,  and  B.  V.  Tsarenkov. 
Photoelectric  properties  of  GaAs  p-n  Junction.  PTT,  v.  4, 
no.  9,  1962,  2338-2347. 

95*  Nasledov,  D.  N.,  and  B.  V.  Tsarenkov.  Spectral  characteristics 
of  GaAs  photoelements.  PTT,  v.  1,  no.  9,  1959,  1467-1470. 

96.  Nasledov,  D.  N. ,  A.  A.  Rogachev,  S.  M.  Ryvkln.  and  B.  V.  Tsarenkov. 
Radiation  recombination  In  GaAs.  PTT,  v.  4,  no.  4,  I962, 

■  1062-1065. 

97*  Nasledov,  D*  N*,  A.  A.  Rogachev,  S.  M.  Ryvkln,  V.  Ye.  Khartslyev, 
and  B.  ■7.  Tsarenkov.  The  structure  of  the  recombination 
radiation  spectrum  of  GaAs.  PTT,  v,  4,  no.  11,  1962,  3346-3348, 

98,  Yemel'yanenko,  0.  V,,  T,  S.  lagunova,  and  D.  N,  Nasledov, 

Impurity  bond  In  crystals  of  p-  and  n-GaAs.  PTT,  v.  3, 

no.  1,  1961,  198-203. 

99.  Yembl'yanenko,  0,  V.,  and  D.  N,  Nasledov,  Electrical  properties 

of  GaAs  at  low  temperatures.  Zhurnal  tekhnlcheskoy  flzlkl, 

V.  28,  no.  6,  1958,  1177-1187.  QC1.Z48 

100,  Glterman,  M.  3h.,  L.  Ya,  Krol’,  V,  A,  Medvedev,  M.  P,  Orlova, 

and  G.  3,  Pado.  Conductivity  In  the  Impurity  band  In 
n-type  GaAs.  PTT,  v.  4,  no.  5,  1962,  I383-1385. 

101,  Arsen' yeva-Geyl' ,  A.  N.,  and  Wang  Pao-k'un.  Photoemlsslon 

from  gallium  arsenide.  PTT,  v.  3,  no.  12,  1961,  362I-3627. 

102,  Wang,  Pao-k'un,  and  A. 'll.  Arsen ’ yeva-Geyl ' .  Influence  of 

sublllumlnatlon  on  photoemlsslon  from  gallium  arsenide. 

PTT,  V.3,  no.  12,  I'-'iOl,  3628-3633* 


41 


103. 

104.. 

105. 

106. 

107. 

108. 

109. 

110. 

111. 

112. 

113. 

114. 

115. 


Nasledov,  D.  N.,,  and  A.  Yu.  Khalllov.  Electrical  properties 
of  InSb.  Zhurnal  tekhnlcheskoy  flzlkl^,  v.  26 no.  1^  1956, 
6-14.  QC1.Z48 

Vinogradov,  K.  I.,  V.  V.  Galavanov,  and  D.  N.  Nasledov.  Prepa¬ 
ration  of  Indium  antlmonlde  of  high  purity  by  the  method  of 
zone  melting.  Zhur'nal  tekhnlcheskoy  flzikl,  v.  27,  no.  9, 
1957,  1976-1984.  QC1.Z48 

Nasledov,  D.  N. ,  M.  P,  Pronina,  and  Yu.  S.  Smetannlkova. 
Spectral  distribution  of  photosensitivity  of  p-type 
Indium  antlmonlde.  PTT,  v.  2,,  no.  2,  i960,  239“24l. 

Liang,  Chlh-ch'ao,  and  D..  N.  Nasledov.  Electrical  properties 
of  p-type  InSb  at  low  temperatures.  PTT,  v.  1,  no.  4, 

1959,  0-571. 


Llai'ig,  Chlh-ch'ao,  and  D.  N.  Nasledov.  Influence  of  the  electric 
field  on  the  electrical  conductivity.  Hall  coefficient,  and 
magnetoresistance  of  n-type  InSb  at  low  temperatures.  PTT, 

V.  2,  no.  5,  i960,  793-798. 

Liang,  Chlh-ch'ao,  and  D.  N.  Nasledov.  Electric  and  galvano- 
magnetlc  properties  of  n-rype  InSb  at  low  temperatures, 

PIT,  V.  3,  no.  4,  1961,  1185-1189. 

Liang, Chlh-ch' ao,  and  D.  N.  Nasledov.  Electric  and  galvano- 
magnetic  properties  of  p-type  InSb  crystals  at  low  temper¬ 
atures.  PTT,  V.  3,  no.  5,  1961,  1458-1464. 

Nasledov,  D.  N.,  and  Yu.  S.  Melannikova.  Photomagnetic  effect 
In  n-type  InSb  single  cryst8.1s.  PTT,  v.  1,  no.  4,  1959, 

556-558. 

Zolotarev,  V.  P.,  and  D.  N.  Nasledov.  Noise  of  p-type  InSb  In 
a  magnetic  field  at  room  -t-emperature.  PTT,  v.  3,  no.  9,  I96I, 

2635-2639. 

Zolotarev,  V.  P.,  and  D.  N.  Nasledov.  Photomagnetic  effect  In 
p-type  InSb  at  room  temperature.  PTT,  v.  3,  no.  11,  I96I, 

3306-3313. 

Yemel'yanenko,  0.  V.,  P.  P.  Ke5ama.nly„  and  D.  N.  Nasledov. 

The  Nernst-iictingshausen  thermomagnetlc  effects  in  degenerate 
InSb.  PTT,  V.  4,  no.  2,  196c,,  546-548. 

Zolotarev,  V.  P.,  and  D.  N.  Na&Jedov.  The  photomagnetic  em.f 
In  p-type  InSb  at  room  i  emper -;tur  e  in  aaternatlng  magnetic- 
fields.  PTT,  v.  4,  no.  7,  f'62,  1952-195^. 

Zolotarev,  V.  P.,  and  D.  N.  NH&J«^dov„  The  pi  oi  ogalv-anomagnetic 
phenomena  in  InSb  ^t  room  tc'iij,..-Tc.ture,  PIT,  v.  4,  no,  9, 

3962  2''67-2975. 


116,  Yemel'yanenko,  0,  V.,  P.  P,  Kesamanly,  and  D.  N.  Nasledov. 

Dependence  of  the  electronic  effective  mass  In  n-type  InSb 
at  concentration  of  cxirrent  carriers,  PTT,  v,  3j  no,  4, 

1961,  1161-1163. 

117*  Oalavanov,  V.  V,,  I.  A.  Kartuzova,  and  D,  N.  Nasledov.  Meas’i- 

urement  of  diffusion  length  of  non equilibrium  current  carriers 
In  InSb.  PTT,  v.  3,  no.  10,  I961,  2973-2980. 

118.  Zolotarev,  V.  F.,  and  D.  N,  Nasledov.  Dependence  of  bipolar 

diffusion  length  and  Hall  mobility  svun  of  current  carriers 
In  p-type  InSb  on  the  strength  of  the  magnetic  field  at  room 
temperature.  PTT,  v.  4,  no.  4,  1962,  977-982. 

119.  Vinogradova,  K.  I,,  V.  V,  Oalavanov,  and  D.  N,  Nasledov,  Depend¬ 

ence  of  the  mobility  of  current  carriers  on  the  Impurity 
concentration  In  InSb  crystals.  PTT,  v.  4,  no.  6,  I962, 

1673-1674. 

120.  Agayev,  Ya.,  and  D.  N.  Nasledov.  Some  electric  properties  of 

AlSb-InSb  systems.  PTT,  v.  2,  no.  5,  i960,  826-829. 

121.  Agayev,  Ya.,  and  D.  N.  Nasledov.  Investigation  of  Nemst- 

Ettlngshausen  thermomagnetlc  effects  In  solid  solutions  of 
the  InSb-AlSb  system.  PTT,  v.  3^  no.  1,  196I,  194-197. 

122.  IvanoV’-Omskly,  V.  I.,  and  B.  T.  Kolomlyets,  Current  carrier 

mobility  and  electron  effective  mass  In  InSb-QaSb  alloys. 

PTT,  V,  4,  no.  1,  1962,  299-302. 

123.  Ivanov-Omskly,  V,  I.,  N.  R.  Kiseleva,  and  B.  T.  Kolomlyets. 

Preparation  of  double  crystals  of  Indlxxm  and  gallium 
antlmonldes.  PTT,  v.  3^  no.  5#  I96I,  162I-1623. 

124.  Zhuze,  V.  P.,  and  I,  M,  Tsldll 'kovskly,  Thermomagnetlc  effects 

In  InSb.  Zhvirnal  tekhnlcheskoy  flzlkl,  v.  28,  no,  11,  1958 
2372-2381.  QC1.Z48 

125.  Quseva,  Q.  I,, and  I.  M,  Tsldll 'kovskly.  Transport  phenomena 

In  n-type  InSb,  PTT,  v.  4,  no,  9,  I962,  2490-2506, 

126.  Tsldll 'kovskly,  I.  M.  On  electron  and  hole  scattering  In  doped 

InSb,  InAs,  and  G8lA3.  PTT,  v.  4,  no.  9j  1962,  2539-2549. 

127.  Amirkhanova,  D.  Kh.  Thermo-  and  galvanomagnetlc  effects  In 

Indium  antlmonlde.  IN;  Akademlya  nauk  AzSSR,  Izvestlya. 
Serlya  flzlko-matematlchesklkh  1  tekhnlchesklkh  nauk,  v.  1, 
i960,  45-46. 

128.  Amirkhanova,  D,  Kh.,  and  R.  I.  Bashirov,  Nernst-Ettlngshausen 

effect  In  n-type  InSb.  PTT,  v.  3^  no,  3^  196I,  819-822, 


_  43  - 


129*  LifBhltB,  T.  M.,  3h.  M.  Kogan,  A.  N.  Vystavkln,  and  P.  G.  Mel'nlk. 
Some  phenomena  Induced  In  n-type  InSb  by  radiofrequency 
Illation,  Zhumal  eksperlmental'noy  i  teoretlcheBkoy  flzlkl, 

V.  42,  no.  4,  1962,  959-966.  QC1.Z47 

130.  Sirota,  N.  N.,  and  Ye.  M.  Gololobov.  Distribution  of  electron 

denBlty  In  Indltim  arrtlmonlde.  IN:  Akademlya  nauk  SSSR. 

Doklady,  V.  143,  no.  1,  1962,  156-158.  A3262.S3663 

131.  NiiBledov,  D.  N. ,  and  3.  V.  Slobodshnlkov.  On  the  electric  properties 

of  QaP  crystals.  PTT,  v.  4,  no.  10,  1962,  2755-2759. 

132.  Gross,  Ye.  P.,  G.  A.  Kalyuzhnaya,  and  D.  3.  Nedzvetskly.  Complex 

structure  of  the  absorption  spectrum  of  single  crystal  gallium 
phosphide.  PTT,  v.  3,  no.  11,  196I,  3543-3545. 

133*  Lathkarev,  V.  Ye.,  and  G.  A.  Pedorus.  Some  peculiarities  of 
photoconductivity  of  polycrystalline  CdS.  IN:  Akademlya 
nauk  SSSR.  Izvestiya.  Serlya  flzicheskaya,  v.  I6,  no.  1, 

1952,  81-92.  AS262.A62455 

134.  lashkarev,  V.  Ye.,  Ye.  A.  Sal'kov,  and  M.  K.  Sheynkman.  Inves¬ 

tigation  of  photoactivation  of  the  photocurrent  yields  in 
CdS  single  crystals.  PTT,  v.  3,  no.  7,  1961,  1973-1982. 

135.  Kucherov,  I.  Ya.,  A.  Z.  Zhmudskiy,  and  V,  I.  Shlyanovskly.  Some 

peculiarities  of  the  dark  conductivity  of  CdS  photoresistors. 

PTT,  V.  4,  no.  5,  1962,  1376-1378. 

136.  Bibik;,  V.  P.  and  P.  Q.  Borzyak.  New  type  of  alternating  photo- 

conuuctlvlty  of  CdS  crystals.  PTT,  v.  4,  no.  1,  I962,  296-297* 

137.  Kynev,  St.,  and  M.  K.  Sheynkman.  Influence  of  a  strong  electric 

field  on  the  kinetics  of  photoconductivity  In  CdS  single 
crystals.  PTT,  v.  3,  no.  11,  196I,  3539-3541. 

138.  Troflmenko,  A.  P.,  and  M,  K.  Shejnknian.  Influence  of  the  electric  field 

on  thermostlmulated  conductivity  In  CdS  single  crystals.  PTT, 

V.  4,  no.  7,  1962,  1963-1965. 

139.  Lltovchenko,  P.  G. ,  and  V.  I.  Ust'yanov. .  Gamma-  and  photoelectric 

properties  of  CdS.  PTT,  v.  4,  no.  4,  I962,  1050-1052. 

140.  Lltovchenko,  P.  G.,  and  V.  I.  Ust'yanov,  Kinetics  of  gamma  con¬ 

ductivity  In  CdS  crystals.  PTT,  v.  4,  no.  7,  I962,  I689-I694, 

141.  Williams,  R.,  and  R.  H.  Bube.  Photoemlsslon  in  photovoltaic  effect 

In  cadmium  sulfide  crystals.  Journal  of  applied  p.iyslcs,  v.  31, 
no.  6,  i960,  968-978.  QCI.J83 

142.  Parltskly,  L.  G.,  A.  A.  Rogachev,  and  S.  M.  Ryvkln.  On  the  kinetics 

of  photocells  with  "surface”  photoelectric  effect  from  a  metal 
Into  a  semiconductor.  PTT,  v.  3,  no.  5,  196I,  I613-I616. 


_  44  „ 


143.  Shneyder,  A.  D.  Kinetics  of  photociirrent  rise  and  the  phenomenon 

01  quenching  of  photoconductivity  in  CdS.  Zhurnal  tekhnlcheskoy 
flziki,  V.  26,  no.  7,  1956,  1428-1432.  QC1.Z48 

144.  Prei*lchs,  R.  Uber  die  optischen  und  elektrlschen  Elgenschaften 

des  reinen  Cadmiumsulf Ids .  Naturwlssenschaften,  no.  9, 

15  Nov  1946,  281-282.  03. N7 

145.  Serdyuk,  V.  V.  On  the  problem  of  infrared  quenching  of  photo¬ 

conductivity  In  CdS  single  crystals,'  -  PTT,  v.  3,  no.  4, 

1961,  1229-1231. 

146.  Serdyuk,  V.  V.  and  T.  Ya.  Sera.  Longvrave  photoconductivity  and 

infrared  quenching  of  the  photoeurrent  in  CdS  single  crystals. 

PTT,  V.  4,  no.  4,  1962,  1032-1037. 

147.  Serdyuk,  V.  V,  On  the  longwave  photosensitivity  and  Infrared 

lujTii.-'-.scence  of  CdS  single  crystals.  PTT,  v.  4,  no,  10, 

L962,  2803-2805. 

148.  Sera,  T.  Ya.,  V.  V.  Serdyuk,  and  I.  M.  Shevchenko.  Effects  of 

gamma-irradiation  on  the  spectral  distribution  of  photocon¬ 
ductivity  of  CdS  single  crystals.  PTT,  v.  3,  no,  11,  I96I, 
3537-3539. 

149.  Gross,  Ye.  P.,  B.  P.  Zakharchenya,  and  0.  V.  Konstantinov. 

The  magnetic  field  inversion  effects  in  the  spectrum  of 
exciton  absorption  of  CdS  crystals.  PTT,  v.  3,  no.  1, 

1961,  305-308. 

150.  Gross,  Ye.  P.,  and  B.  V.  Novikov,  On  the  relation  of  the  back¬ 

ground  and  the  maxima  of  fine  structure  of  photoconductivity 
spectral  curves  in  CdS  single  crystals,  PTT,  v.  3,  no,  4, 

1961,  1249-1252. 

151.  Gross,  Ye.  P.,  and  B.  V.  Novikov.  Pine  structure  of  the  spectral 

curves  of  photoconductivity  a’nd  luminescence  excitation  and  its 
correlation  to  exciton  absorption  spectra.  IN;  American 
Physical  Society.  Bulletin.'  Series  II,  v.  6,  no.  5,  1961,478.  QC1.A55 

152.  Grlllot  E.,  Ye,  P.  Gross,  M.  Bancle-Grlllot,  and  B.  V.  Novikov. 

On  tne  variety  of  types  of  spectral  photoconductivity  curves 
of  pure  CdS  crystals,  PTT,  v.  3,  no,  11,  I96I,  3519-3521. 

153.  Gross,  Ye.  P.,  B.  S.  Razbirin,  and  R.  I.  Shekhmamet ' yev.  On 

the  spectral  distribution  of  edge  l\unlnescence  excitation 
in  CdS  crystals.  PTT,  v.  4,  no.  1,  I962,  213--216. 

154.  Gross,  Ye.  P.,  K.  P.  Llder,  and  B.  V.  Novikov.  Spectral  inves¬ 

tigations  of  photoconductivity  of  CdS  crystals  at  77  and  4“k 
in  the  -region  of  the  absorption  edge.  PTT,  v.  4,  no.  5,  1962, 
1135-1139. 


155*  OroBB,  Ye,  P.,  A,  A*  Kaplyanskly,  and  Bi  V,  Novikov.  Structxire 

■  of  the  Bpeotral  curve  of  the  intrinsic  photoeffect  In  crystals 
of  cadmium  sulfide.  Zhumal  tekhnlcheskoy  fizlki,  v.  26,  ho.  4, 
1956,  913-916.  QC1.Z48 

156.  QrosB,  Ye.  P.,  A.  A.  Kaplyanskly,  and  B.  V.  Novikov.  Bxcltonlc 

structure  of  spectral  curves  In  the  case  of  intrinsic  photo¬ 
electric  effect  In  crystals.  IN;  Akademlya  nauk  3SSR. 

Doklady,  v.  110,  no.  5,  1956,  761-764.  A3262. 33663 

157.  Gross,  Ye.  P.,  and  B.  V.  Novikov.  On  the  question  of  the  structure 

of  the  spectral  curve  of  the  Intrinsic  photoeffect  In  CdS 
Arystals.  Zhumal  tekhnlcheskoy  flzlkl,  v.  28,  no.  4.  idSS. 
79^-783.  QC1.Z48  ’ 

158.  Gross,  Ye.  P.,  and  B«  V.  Novikov.  The  fine  str-ucture  of  the 

spectral  curves  of  photoconductivity  In  Cd3  crystals.  PTT, 

V.  1,  no.  3,  1959,  357-362. 

159.  Marchenko,  A.  I.,  Ye.  A.  3al’kov,  0.  A.  Pedorus,  and  V.  D.  Pursenko. 

3ome  properties  of  Cd3  single  crystals  with  gold  Impurities. 

PTT,  V.  3,  no.  8,  1961,  2285-2292. 

160.  Pisarenko,  Zh.  G.,  and  M.  K.  Gheynkman.  Revealing  dislocations 

In  0d3  single  crystals  by  etching.  PTT,  v.  3,  no.  4,  I96I, 

1152-1157. 

161.  Lyubin,  V.  M.,  and  G.  A.  Pedorova.  High-voltage  emf  In  3b-3e, 

layers,  PTT,  v,  4,  no,  8,  1962,  2026-2030. 

162.  Schwarz,  E.  Photoconductivity  cells  of  cadmium  selenlde, 

IN:  Physical  Goclety.  London.  Proceedings,  v.  63,  part  8, 
no*  368  B,  1  Aug  1950,  624-625.  <iCl.P5 

163.  Kolomlyets,  B.  T.,  and  3.  G.  Pratusevlch,  Cd3e  photoconductlve 

cell.  Radiotekhnlka  1  elektronika,  v.  1,  no.  8,  I956,  1174- 
1176.  TK7800.R4 

164.  Tolstoy,  N,  A.,  and  V,  A.  Sokolov.  Some  liuulnescent  and  photo¬ 

electric  properties  of  polycrystalline  CdSe.  Optlka  1 
spektroskoplya,  v.  3,  no*  5,  1957,  495-503,  QC350.068 

165.  Nlzetskaya,  I.  B, ,  A.  P,  Trofimenko,  and  V.  D.  Pursenko.  Method 

of  obtaining  CdS  and  CdSe  single  crystals  and  CdS  +  CdSe 
compound  single  crystals.  Zhumal  neorganlcheskby  khlmll, 

V.  3,  no.  10,  1956,  2236-2239.  QD1.A3753 

166.  Lashka^ev,  V.  Ye.,  Ye.  A,  Sal'kov,  0,  A.  Pedorus,  and  M,  K, 

Sheynkmn.  Investigation  of  the  spectral  characteristics 
of  cadmium  selenlde  monocrystals.  Gkraylns'kyy  fizlchnyy 
zhumal,  v.  3,  no.  2,  1958,  204-215.  QC1.A4473 


46  - 


167.  Mikhaylova,  M.  P.,  D.  N,  Nasledov,  and  S,  V.  Slobodchikoy.  The 

photomagnetlo  effect  and  photoconductivity  In  InP.  PTT,  v,  4, 
no.  5>  1962,  1227-1232. 

168.  Serdyuk,  V.  V.,  and  T.  Ya.  Sera.  Some  features  of  photoconduc¬ 

tivity  of  polycrystalline  samples  of  CdSe.  PTT,  v.  3^  no.  7^ 

1961,  2166-2169. 

169.  Konozenko,  I.  D.,  V.  I.  Ust'yanov,  and  A.  P.  Oalushka.  Gamma 

conductivity  of  CdSe.  PTT,  v.  3^  no.  9^  1961,  2629-2634, 

170.  Konozenko,  I.  D.,  Ye.  A.  Muzalevskly,  and  S.  I.  Shakhovtsova. 

Investigation  of  the  generation  of  electrical  Impulses  by 
CdSe  single  crystals  at.  liquid  nitrogen  temperature.  PTT, 

V.  4,  no.  5,  1962,  1132-1134. 

171.  Oksman  Ya.  A.,  A.  V.  Burlakov,  and  Ye.  B.  Aleksandrov,  Photo- 

dlelectrlc  properties  of  poiycrystalllne  CdSe  at  low  temper¬ 
atures.  PTT,  V.  3,  no.  3,  1961,  729-735. 

172.  Strakhov,  L.  P.  Spectral  dependence  of  CdSe  surface  changes 

produced  during  Illumination.  PTT,  v.  3,  no.  5,  I961, 

1612-1613. 

173*  Bakradze,  R.  V.,  and  I.  A.  Rorn-Krlchevskaya,  Etch  pits  In 
CdSe  crystals,  PTT,  v.  4,  no.  2,  I96I,  567-570, 

174.  Kallnkln,  I.  P.,  L,  A.  Sergeyeva,  V,  B.  Aleskovskly,  and  L.  P, 
Strakhov.  A  method  for  obtaining  CdSe  single  crystalline 
films.  PTT,  V.  3,  no.  9,  I961,  2640-2645. 

175*  Regel',  A.  R.,  and  M.  3.  Somlnskiy.  Influence  of  impurities  on 
the  mechanism  of  electric  conductivity  of  AlSb.  Zhurnal 
tekhnlcheskoy  fizikl,  v.  25,  no.  4,  1955,  768-770.  QC1.Z48 

176.  Mlrgalovskaya,  M.  3.,  and  I.  A.  Strel'nlkova,  Preparation  of 
doped  single  crystals  and  the  p-n  junction  of  AlSb.  PTT, 

V.  3,  no.  2,  1961,  456-458. 


APPENDIX:  RESEARCH  INSTITUTES  AND  PERSONNEL 


LENINGRAD  fflYSIOOTECHNICAL 
Name 

Agayev>  Ya. 

Arkad'yeva,  Ye.  N. 

Berko vskly,  P.  M. 

Biirdudov.,  Yu,  M. 
Galavanov,  V.  Vj. 
Gubanov,  A,  I, 

Imenkov,  A.  N, 
Ivanov,  Yu.  L, 

Ivanov-Omskly,  V.  I. 

Kartuzova,  I.  A. 
jCasymova,  R,  3, 

Kesamanly,  P,  P. 
Khansevarov,  R.  Yu. 

Khartslyev,  V.  Ye. 

Kiseleva,  N.  R. 


INSTITUTE  IMENI  ACADEMICIAN  A 

Specialization 

Electrical  properties  of 
solids. 

Extrinsic  properties  of 
semiconductors . 

Extrinsic  properties  of 
semiconductors. 

Gallium  arsenide. 

Indium  antimonlde. 

Electron  states;  semi¬ 
conductors;  amorphous 
semiconductors . 

Gallium  arsenide. 

Extrinsic  properties  of 
semiconductors . 

Indlrun  antimonlde;  gallium 
antimonlde. 

Indium  antimonlde. 

Extrinsic  properties  of 
semiconductors . 

Indium  antimonlde. 

Extrinsic  properties  of 
semiconductors . 

Electron  states;  electrical 
properties  in  solxds;  com¬ 
plex  semiconductors. 

Indium  antimonlde;  gallium 
antimonlde. 


.  P.  lOPPE 
References 
120,  121 

24,  25,  27 

28,  45 

93 

104,  117,  119 
11,  12 

93 

92,  122,  123 

117 

24 

113,  116 
20,  21 

8,  97 

123 


Name 

KolomlyetSj  B»  T« 


Komar,  A,  P. 
Konstantinov,  0.  V. 
Lagunova,  T.  3, 
Lashkarev,  V.  Ye. 

Liang,  Chlh-ch'ao 
Liaklrskly,  D.  P. 
Mashoveta,  T.  V. 
Melannlkova,  Yu,  3* 
Mikhaylova,  M.  P, 

Myakota,  V.  I. 
Nasledov.  D«  N, 

Parltskly,  L,  0. 

Pronina,  M.  P« 

Rogachev,  A,  A. 


Specialization  References 

Aresenlcum  chalcogenldeaj  92,  122,  123* 

multiple  gap  photoelementa;  163 

Indium  antlmonlde;  gallium 

antlmonlde;  cadmium  selenlde 

(1956);  talllum  sulfide 

photoelements  (1938). 


Defect  properties. 

30 

Cadmlvim  sulfide. 

149 

Oalllm  arsenide. 

29,  98 

Semiconductors;  cadmium 
sulfide;  cadmium  selenlde. 

133,  134,  166 

Indium  antlmonlde. 

106,  107,  108,  109 

Silicon;  germanium. 

31*  32,  46 

Silicon;  germanium. 

31*  32 

Indium  antlmonlde. 

110 

Magnetic  properties  of 
solids;  Indium  phosphide. 

167 

Silicon;  germanium. 

32 

Qalllura  arsenide;  Indium 
antlmonlde;  Indium  phos¬ 
phide;  magnetic  properties 
of  solids;  gallium  phos¬ 
phide;  electrical  properties 
of  solids. 

29,  93,  95*  96,  97 
98,  99*  103*  104, 
105,  106,  107,  108 
109,  110,  111,  112 
113,  114,  115, 

Extrinsic  properties  of 
semiconductors;  electrical 
properties  of  solids. 

20,  22,  23, 

27,  142 

Gallium  arsenide;  Indium 
antlmonlde;  Indium  phos¬ 
phide;  magnetic  properties 
of  solids. 

105 

Electrical  properties  of 
solids;  cadmium  selenlde; 
gallliun  arsenide. 

96,  97,  142 

2 


Name 

Specialization 

References 

Ryvkltij  3.  M, 

Extrinsic  properties  of 
semlconductprsj  electrical 
properties  of  solid*  • 
electron  states. 

19,  20,  21,  23, 
24,  25,  26,  27, 
28,  31,  45,  96, 
97,  142 

Savchenko,  V.  P. 

Defect  properties. 

30 

Slobodchlkov,  3.  V. 

Indium  phosphide;  galllxun 
phosphide. 

131,  167 

Smetannlkova,  Yu.  3. 

Indium  antlmonide. 

105 

Tsarenkov,  B.  V. 

Gallium  arsenide.  ' 

93,  95, -96,  97 

Vinogradova,  K,  I. 

Indium  antlmonide. 

104,  119 

Vltovakly,  N.  A. 

Silicon;  germanium. 

31,  32,  46 

Yaroshetskly,  I.  D. 

Extrinsic  properties  of 
semiconductors . 

20,  21 

Yemel'yanenko,  0.  V. 

Gallium  arsenide;  indium 
antlmonide. 

29,  98,  99,  113, 
116 

Zakharohenya,  B.  P. 

Cadmium  sulfide. 

149 

Zolotarev,  V.  P. 

Indixim  antlmonide; 
magnetic  properties  of 
solids. 

111,  112,  114, 
115,  118 

INSTITUTE  OP  SEMICONDUCTORS,  ACADEMY  OP  SCIENCES  USSR 

Name 

Specialization 

References 

Boltaks,  B.  I. 

Silicon;  cadmium 
tellurlde  (1955). 

58 

Dubrovskly,  Q.  B. 

Optical  properties  of 
solids;  cadmlvun  tellurlde; 
silicon  photoelements  (1956) 

56,  79,  80,  81 

• 

Pedorus,  Q.  A, 

Cadmium  sulfide;  cadmium 
selenlde. 

133,  159,  166 

Pursenko,  V.  D. 

Cadntlun  sulfide 

159,  165 

Qllberman,  A.  Ya. 

Silicon  photoelements 

57,  67,  68 

-  3  - 


Name 


References 


Kukharslcly>  A.  A 
Landsman j  A«  P» 

Lomakina,  Q.  A. 

Marchenko,  A.  I. 
Maslakovets,  Yu«  P« 

Matveyeva,  N.  N. 
Naiimov,  Q,  P. 

Nlkolayeva,  0.  V. 

Petrusevich,  V.  A. 
Poltlnnlkov,  3*  A. 

Somlnskly,  M.  3. 

Subashlvev.  V.  K. 

Tsldil'kovskly,  I, 

Vodakov,  Yu,  A. 

Zaytseva,  A.  K. 
Zhuze,  V.  P. 


Specialization 


Silicon. 


55 


Silicon  photoelements;  7,  55,  63,  67,  68 

solar  power  stations;  solar 
batteries  for  Sputnik  III  (?), 

Cadmium  tellurlde  photo-  7^,  75#  76,  77 
elements. 


Cadmium  sulfide.  159 

Cadmium  tellurlde  photo-  7^,  75,  76, 

elements;  silicon  photo-  77,  79 

elements;  solar  cell 
batteries  for  early  sputniks 
(?);  talllum  sulfide  photo¬ 
elements  (1938). 

Silicon.  58 


Cadmium  tellurlde  photo-  7^,  75,  76, 

elements.  77,  78 


Cadmium  tellurlde  photo-  78 
elements. 


Silicon;  germanivmi.  42 

Silicon  photoelements;  79 

solar  batteries  for  early 
sputniks  (?), 

Semiconductors;  silicon  *  5#  175, 

photoelements;  "photo- 
thermoelectrogeneratlon" . 


Silicon;  silicon  photo-  7,  39,  40, 

elements;  p-n  Junctions;  55,  56,  79, 
silicon  solar  batteries 
for  Sputnik  III  (?), 

M,  Indium  antlmonlde;  elec-  124,  125,  126 
trlcal  properties  of  solids. 


Cadmium  tellurlde  photo-  74,  75,  76, 

elements.  77 

Silicon  photoelements,  57,  67,  68,  69 

IndlTun  antlmonlde.  124 


-4 


LENINGRAD  STATE  UNIVERSITY 


Name 

Specialization 

References 

Arsen '  yeva  Ocyl',  A,  Nt 

Gallium  arsenide. 

101,  102 

Grossj  Ye.  P. 

Optical  properties  of 

132,  149,  150, 

151 

solids;  cadmium  sulfide. 

152,  153,  154, 
156,  157,  158 

155 

Kalyuzhnaya j  G.  A. 

Gallium  phosphide. 

132 

Kaplyanskly,  A.  A. 

Optical  properties  of 
solids  (1956). 

155,  156 

Llder,  K.  P. 

Optical  properties  of 
solids;  cadmium  sulfide. 

154 

Nedzvetskly,  D.  S. 

Gallium  phosphide. 

132 

Novlk,  P,  T. 

Cadmium  telluride. 

89 

Novikov,  B.  V. 

Optical  properties  of 

150,  151,  152, 

154 

Razblrln,  B.  S. 

•solids;  cadmium  sulfide. 

Optical  properties  of 
solids;  cadmium  sulfide. 

155,  156,  157, 

153 

158 

Shekhmamet'yev,  R.  I. 

Optical  properties  of 
solids;  cadmium  sulfide. 

153 

Strakhov,  L,  P. 

Cadmiiun  selenlde;  cadmium 
sulfide  (1959). 

172,  174 

Wang,  Pao-k'un 

INSTITUTE  OP  PHYSICS, 

Gallium  arsenide 

UKRAINIAN  ACADEHy  OP  SCIENCES 

101,  102 

Name 

Specialization 

References 

Bibik,  V.  P. 

Cadmium  sulfide. 

136 

Borzyak,  P,  G. 

Cadmivun  sulfide. 

136 

Galushka,  A;  P. 

Cadmium  selenlde. 

169 

Konozenko,  I.  D. 

Cadmium  selenlde. 

169,  170 

Litovchenko,  P.  G. 

Cadmium  sulfide. 

139,  140 

Mlzetskaya,  I.  B. 

Cadmium  sulfide; 
cadmium  selenlde. 

165 

-  5  - 


Name 

Muzalevskly,  Ye*  A 
Pisarenko^  Zh*  0, 
3hakhovtsova«  3*  I 
Ust'yanov,  V.  I. 


3peclallzatlon 

Cadn^ivun  selenlde 

Cadmium  sulfide. 

Cadmium  selenlde 

Cadmium  sulfide; 
cadmium  selenlde 


References 

170 

160 

170 

139,  140,  169 


PHY3IC3  INSTITUTE  IMBNI  P.  N.  LEBEDEV,  ACADEMY  OP  SCIENCES  USSR 


Name 

Specialization 

References 

Arkhipova,  I.  A* 

Semiconductors . 

35 

Bogdanov,  3.  V. 

Semiconductors, 

38 

Calkin,  C.  N. 

Silicon;  silicon  photo¬ 
elements. 

47,  48,  52,  53, 
60 

Kopylovskly,  B.  D. 

Semiconductors . 

38 

Malovetskaya.  V*  N. 

Silicon  photoelements. 

52,  53,  60 

Nolle,  B,  L. 

Silicon;  silicon  photo¬ 
elements. 

47,  48 

Plotnikov,  A*  P. 

Silicon. 

49,  50,  51 

Rzhanov,  A,  V. 

Semiconductors . 

35,  36,  37 

Smirnov,  L,  3. 

Silicon  photoelements. 

33 

Vavilov,  V,  S. 

Silicon  photoelements; 
defect  properties;  silicon 
solar  batteries  for  early 
sputniks  (?). 

7,  33,  49,  50, 
51,  53,  60 

MOSCOW  STATE  UNIVERSITY 

Name 

Specialization 

References 

Bonch-Bruyevich,  V. 

L.  Electron  states; 

electrical  properties  of 
solids;  extrinsic  proper¬ 
ties  of  semiconductors. 

13,  14,  15,  16 

Chapnln,  V*  A. 

Silicon. 

33 

6 


POWER  ENQINKERING  INSTITUTE  IMENI  Q.  M.  KRZHIZHANpVSKiy,  ACADEMY 
OF  SCIENCE^  USSR 

Name  Specialization  References 

Bavun,  V.  A.  Silicon  photoelements;  6l,  62 

solar  power  stations. 


Borovikov,  R.  P.  Silicon  photoelements j  6l 

solar  power  stations. 


Okhotln,  A,  S.  Silicon  photoelements;  6l 

solar  power  stations. 


KIYE7  STATE  UNIVERSITY 


Neune 

Kucherov,  I.  Ya. 
Shlyanovskly,  V.  I 
Zhmudskly,  A.  Z. 


Specialization 
Cadmltan  sulfide 
Cadmlxom  sulfide 
Cadmltun  sulfide 


References 

135 

135 

135 


INSTITUTE  OP  MBTALLimOY  IMENI  A.  A.  BAYKOV,  ACADEMY  OP  SCIENCES  USSR 


Name  Specialization  References 

Milevskiy,  L.  S.  Silicon.  3^ 

Mlrgalovskaya,  M.  S.  Aluminum  antlmonlde.  176 

Strel’ nlkova,  I.  A,  Aluminum  antlmonlde.  176 

INSTITUTE  OP  CRYSTALLOGRAPHY,  ACADEMY  OP  SCIENCES  USSR 

Name  Specialization  References 

Kokorlsh,  N.  P.  Crystallography.  l8 

Sheftal',  N.  N.  Crystallography.  18 

KISHINteV  STATE  UNIVERSITY 

Name  Specialization  References 

Maronchuk,  Yu.  Ye.  Optical  properties  of  82 

solids;  cadmium  tellurlde. 

Kot,  M.  V,  Optical  properties  of  82 

solids;  cadmlm  tellurlde. 

-  7  - 


INSTITUTE  OP  PHY3ICOTKCHNICAL  AND  RADIOTECHNICAL  MEASUREMENTS 


Neune 

Glterman,  M.  3h 
KrolS  L.  Ya. 
Medvedev,  V.  A. 
Orlova,  M.  P. 
Pado,  G.  S. 


Specialization 
Gallium  arsenide 
Gallium  arsenide 
Gallium  arsenide 
Gallium  arsenide 
Gallium  arsenide 


References 

100 

100 

100 

100 

100 


ODESSA  STATE  UNIVERSITY 


Narae 

Semlletov,  3.  A, 

Sera,  T.  Ya. 
Serdyuk,  V.  V. 

Shevchenko,  I.  M. 


Specialization 

Crystallography]  cadmium 
telluride. 

Ca^i^e3^1^*idej  cadmium 

Cadmium  sulfide;  cadmium 
selenlde. 

Cadmium  sulfide;  cadmlxxm 
selenlde. 


References 
84,  87,  88 

146,  148,  168 

145,  146,  147, 
148,  168 

148 


LENINGRAD  TECHNOLOGICAL  INSTITUTE  IMENI  LEN30VET 


Name 

Aleskovskly,  V.  B. 

Kallnkln,  I,  P. 
Sergeyeva,  L.  A. 


Specialization 

Cadmium  selenlde; 
crystallography. 

Cadmliim  selenlde. 

Crystallography;  cadmium 
.  selenlde. 


Sokolov,  V.  A, 


Optical  properties  of 
solids;  cadmium  selenlde. 


References 

174 

174 

174 

164 


Name 

Glasko,  V.  B. 

Gololobov,  Ye.  M. 
Kogan,  3h.  M, 
Llfshlts,  T.  M, 
Mel'nik,  P.  G. 
Mironov,  A.  G. 

Vavilov,  V.  3. 


Vystavkin,  A.  N. 


Specialization 

References 

Electron  sta.tes; 
defect  propeirtles. 

13 

Indium  antlmonlde. 

130 

Indium  antlmonlde. 

129 

Indlvim  antlmonlde. 

129 

Indium  antlmonlde. 

129 

Extrinsic  properties  of 
semiconductors. 

16 

Silicon  photoelements; 
defect  properties;  silicon 
solar  batteries  for  early 
sputniks  ( ? ) . 

7,  33,  49,  50 
51,  53,  60 

Indium  antlmonlde. 

129. 

IN3TITUTE  OP  SEMICONDUCTORS,  UKRAINIAN  ACADEMY  OP  SCIENCES 


Name 


Specialization 


References 


Lashkarev,  V.  Ye. 


Semiconductors;  cadmium  133,  13^#  l66 

sulfide;  catoium  selenlde. 


Sal’kov,  Ye.  A. 


Cadmium  sulfide;  cadmium  134,  159,  166 
selenlde. 


Sheynkman,  M.  K. 


Cadmium  sulfide;  cadmium 
selenlde. 


134,  138,  16 0 

166 


Troflraenko,  A.  P. 


Cadmium  sulfide;  cadmium  138,  I65 
selenlde  (1958), 


STATE  INSTITUTE  OP  OPTICS  IMENI  S.  I.  VAVILOV 

Name  Specialization  References 

Akimov,  I.  A.  Electrical  properties  of  43 

solids. 

Aleksandrov,  Ye.  B.  Cadmium  selenlde,  I7I 

Burlakov,  A.  V.  Cadmium  selenlde.  171 

Oksman,  Ya,  A,  Cadmium  selenlde,  I7I 

Tolstoy,  N,  A.  Optical  properties  of  164 


solids;  nadmium  selenlde, 
-  9  - 


PHYSICOTECHNICAL  INSTITUTE,  UZBEK  ACADEMT  OP  SCIENCES 


Name 

Specialization 

References 

Dubrovskly,  L,  A. 

Silicon  photoelements. 

64,  65 

Knlgln,  P,  I. 

Silicon  photoelements. 

63,  64,  65 

INSTITUTE  OP  PHYSICS, 

BULOARIAN  ACADEMY  OP  SCIENCES 

Name 

Specialization 

References 

Kasabov,  I.  D# 

Silicon, 

59 

Mikhaylova,  D,  N» 

Silicon, 

59 

VORONEZH  STATE  UNIVERSITY 

Name 

Specialization 

References 

Butusov,  Yu.  M, 

Electron  states. 

10 

Kopytlna,  M,  V« 

Electron  states. 

10 

DAOBSTAN  BRANCH,  ACADEMY  OP  SCIENCES  USSR 

Name 

Specialization 

References 

Amirkhanova,  D.  Kh. 

Indium  antlmonlde. 

127,  128 

Bashirov,  R,  I* 

Indium  antlmonlde. 

128 

STATE  PKDAOOOICAL  INSTITUTE  IMENI  I.  PRANKO 

Name 

Specialization 

References 

Shneyder,  A*  D. 

Cadmium  tellurlde; 
cadmium  sulfide  (1956), 

83,  143 

Zhmurko,  I,  S. 

Cadmium  tellurlde. 

83 

INSTITUTE  OP  PHYSICS, 

AZERBAYDZHAN  ACADEMY  OP  SCIENCES 

Name 

Specialization 

References 

Chuklchev,  M.  V, 

Silicon;  defect  properties 

49 

Gashlmzade,  P.  M. 

Electron  states;  complex 
semiconfiuctors. 

8,  9 

IN3TITUTB  OP  PHYSICS 
SCIENCES  USSR 

OF  METALS,  URAL  BRANCH  OP 

THE  ACADEMY  OF 

Name 

Specialization 

References 

Guseva,  0.  I« 

Indium  antlmonlde. 

125 

INSTITUTE  OP  RADIO  ENGINEERING  AND  ELECTRONICS, 
SCIENCES  USSR 

ACADEMY  OF 

Name 

Specialization 

References 

Gulyayev,  Yu.  V. 

Extrinsic  properties  of  17 

semiconductors;  electrical 
properties  of  solids. 

SIBERIAN  PHYSICOTECHNICAL  INSTITUTE,  TOMSK  UNIVERSITY 

Name 

Specialization 

References 

Presnov,  V.  A. 

Electron  states. 

41 

ALL-UNION  SCIENTIFIC 

RESEARCH  INSTITUTE  OP  MONOCRYSTALS 

Name 

Specialization 

References 

Rom-Krlchevskaya,  I« 

A,  Crystallography, 

173. 

AFFILIATION  NOT  GIVEN 

Neime 

Specialization 

References 

Daletskly,  G«  S, 

Silicon  photoelements. 

63, '66 

Eydlnova,  G.  T. 

Silicon  photoelements. 

70 

Fedorova,  G.  A. 

Antimony  trlselenlde. 

161 

Pedoseyeva,  0.  P. 

Silicon  photoeleroents. 

69 

Iglitsyn,  M.  I. 

Silicon. 

54 

Khalllov,  A.  Yu, 

Indium  antlmonlde  (I956) 

103 

LyuMn,  V.  M, 

Antimony  trlselenlde. 

161 

Mordkovlch,  V,  N, 

Silicon. 

54 

Flyush,  0,  P. 

i 

Silicon  photoelements. 

63 

11 


Name 


Shavrlrt,  N.  V. 
Sirota,  N,  N. 
Yagudayev,  N.  D. 


Speclallzatlpn 
Silicon  photoelements. 
Indium  antlmonide. 
Silicon  photoelement B. 


References 
63,  66 
130 
63 


12  - 


DISCLAIMER  NOTICE 


THIS  DOCUMENT  IS  BEST  QUALITY 
PRACTICABLE.  THE  COPY  FURNISHED 
TO  DTIC  CONTAINED  A  SIGNIFICANT 
NUMBER  OF  PAGES  WHICH  DO  NOT 
REPRODUCE  LEGIBLY. 


